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Abstract 
 
 
The mitotic spindle is a key cellular structure responsible for aligning and 
separating chromosomes during mitosis. It is vital that this process is performed 
faithfully, as errors can result in disease causing genome instability. The mitotic 
spindle is primarily composed of an organised mass of dynamic microtubules 
that form a bipolar structure. Different cells have been shown to employ varying 
molecular pathways to generate these microtubules; however how these 
multiple pathways coexist and coordinate in a single cell type is poorly 
understood. Using the Drosophila syncytial embryo as a model cell type, the 
work presented in this thesis provides evidence of multiple spindle assembly 
routes employed within this system. Development of a technique to disrupt the 
temporal controls on microtubule generation combined with high speed confocal 
microscopy has allowed for the direct visualisation of a chromatin mediated 
microtubule generation pathway, a process shown to require Ran-GTP, D-
HURP and the Augmin complex, but surprisingly not by a Drosophila 
homologue of the vertebrate spindle assembly factor TPX2, also identified here. 
Disruption of centrosome assembly has also revealed the importance of Augmin 
in generating microtubules for spindle assembly from multiple acentrosomal 
microtubule organising centres. Additionally, work presented here demonstrates 
that spindle assembly pathways can increase their microtubule generating 
capacity when the activity of another pathway has been perturbed, showing a 
degree of coordination. This thesis demonstrates the remarkable robustness 
with which the mitotic spindle can assemble while providing an insight into the 
mechanisms behind this flexibility.  
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Chapter 1: 
Introduction 
 
Mitosis is the process whereby replicated genetic material from a single 
nucleus, in the form of condensed chromosomes, is faithfully aligned and 
separated to form two nuclei. Mitosis is mediated by the mitotic spindle, a highly 
dynamic microtubule based bipolar structure which assembles during 
prometaphase and is able to capture chromosomes, which have condensed 
during prophase, leading to their congression at the spindle equator during 
metaphase (Figure 1.1). Changes in spindle microtubule dynamics then lead to 
the separation of chromosomes in anaphase, before new nuclei are formed 
during telophase. Failures to complete these processes can result in cell death 
or aneuploidy cells, increasing the chances of oncogenesis and developmental 
defects. This thesis will examine the multiple pathways through which mitotic 
spindles can form in the syncytial embryos of Drosophila melanogaster, 
focusing on the roles played by D-TPX2, D-HURP and the Augmin complex.  
 
1.1 Fundamental components of the mitotic spindle 
Microtubules 
Microtubules are composed of heterodimers of two highly conserved and 
related 55 kDa proteins, α-Tubulin and β-Tubulin, with a nucleotide binding site 
and intrinsic GTPase activity. These heterodimers longitudinally form 
protofilaments, thirteen of which interact laterally to form hollow, 25 nm wide, 
cylindrical microtubules (Kline-Smith & Walczak, 2004). Microtubules exhibit an 
intrinsic polarity, with the α-Tubulin end of Tubulin heterodimers facing the 
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stable minus ends, while the β-Tubulin end of heterodimers is exposed at the 
dynamic and unstable plus end of microtubules (Al-Bassam & Chang, 2011). 
The formation of new microtubules can be described as nucleation, while the 
growth of microtubules is known as polymerisation. The transition of a 
microtubule from a state of growth to shrinkage (or depolymerisation) is 
described a catastrophe, while the transition from depolymerisation to growth is 
known as rescue. The constant growing and shrinking of microtubules from their 
plus ends is integral to their function and is characterised by dynamic instability 
(Mitchison & Kirschner, 1984). Here, the existence of the microtubule in a state 
of polymerisation (or catastrophe) is dependent on the presence or absence, 
respectively, of a GTP-Tubulin cap. Both Tubulins of the Tubulin heterodimers, 
when added to growing microtubules, are bound to GTP. This results in a 
“straight” configuration of these heterodimers, which build up at the microtubule 
plus end tips (Figure 1.2A). Shortly after microtubule incorporation, GTP bound 
to β-Tubulin will be hydrolysed to GDP, resulting in a conformational change of 
β-Tubulin and a “curved” heterodimer configuration (Mandelkow et al., 1991; 
Desai & Mitchison, 1997) (Figure 1.2A). It is the GTP-bound heterodimers that 
form the microtubule GTP-cap. Broadly speaking, loss of the GTP cap, for 
instance through low microtubule growth rates and lack of available GTP-
Tubulin subunits, leads to microtubule catastrophe (Mitchison & Kirschner, 
1984; Walker et al., 1991; Drechel & Kirschner, 1994; Desai & Mitchison, 1997) 
(Figure 1.2B), although it is apparent that a build-up of microtubule 
destabilising features is in many cases a prerequisite of depolymerisation, a 
process ensuring the elongation of shorter newly nucleated microtubules 
(Gardner et al., 2013). The result of this is that microtubule dynamics are 
dependent on  
Centrosome
ChromosomeKinetochore
K-ber
Interpolar Microtubules
Figure 1.1
  
 
 
 
 
 
 
 
Figure 1.1 The mitotic spindle 
(A) Basic diagram of a metaphase spindle showing centrosomes, chromosomes, 
kinetochores and microtubules (green) which have formed either stable kinetochore 
fibres (K-fibers) or anti-parallel connecting interpolar microtubules. Only two 
chromosomes are included for simplicity of the diagram.  
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Figure 1.2 Microtubule dynamics are dependent on the presence or absence of 
GTP-Tubulin 
(A) Tubulin dimers change configuration based on the whether the β-Tubulin unit is 
bound to GTP or GDP. (B) Microtubules, seeded from a nucleating structure such as 
the ϒ-TuRC will grow quickly and stably from the plus-end in the presence of a high 
Tubulin concentration. This rate of growth will slow, with much of the Tubulin in the 
microtubule being hydrolysed into GDP-Tubulin. However, the growth will still continue 
and avoid catastrophe as long as a cap of GTP-Tubulin is present at the plus-end. If 
the rate of hydrolysis is faster than the rate of GTP-Tubulin addition, the GTP-cap will 
be lost, and the different configuration of GDP-Tubulin will result in fast disassociation 
from the microtubule and microtubule catastrophe.  
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numerous factors, including the availability of free GTP-Tubulin, the presence of 
stabilising and destabilising factors and the age and length of microtubules.  
The γ-TuRC and Centrosomes 
Typically, for microtubule growth to occur, a nucleator is required, essentially a 
short priming microtubule like structure. In vivo this takes the form of the γ-
Tubulin ring complex (γ-TuRC) (Raynaud-Messina & Merdes 2007) (Figure 
1.2B). The γ-TuRC is composed of twelve γ-Tubulin molecules, with γ-Tubulins 
being paired in association with Dgrips 84 and 91 to form six γ-Tubulin small 
complexes (γ-TuSC). These γ-TuSCs are then formed into a “lock washer” like 
configuration by Dgrips 163, 128, 75 and 71WD (Zheng et al., 1995; Wiese & 
Zheng, 2000). One model for γ-TuRC function proposes that it acts as a 
template, with Tubulin heterodimers associating longitudinally with each γ-
Tubulin subunit to form protofilaments, essentially acting as the first turn in the 
microtubule helix (Zheng et al., 1995; Raynaud-Messina & Merdes 2007) 
(Figure 1.2B). Another model, known as the protofilament model, suggests that 
that the γ-TuRC consists of longitudinally associated γ-Tubulin subunits, 
producing a single γ-Tubulin strand onto which Tubulin heterodimers of a single 
potential protofilament associate, which themselves can associate longitudinally 
and laterally with other Tubulin heterodimers. Because of the curved nature of 
the γ-Tubulin monomer, these resulting protofilaments close into a microtubule 
(Erickson & Stoffler, 1996; Raynaud-Messina & Merdes 2007). The bound γ-
TuRC at the microtubule minus end then potentially acts as a cap, protecting 
minus ends from catastrophe and stopping minus end polymerisation (Wiese & 
Zheng, 2000).  
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The predominant sources of microtubule nucleation in many metazoan mitotic 
spindles are the centrosomes which are composed of centrioles (primarily 
tubulin based structures) surrounded by a protein rich peri-centriolar mass 
(PCM) (Nigg & Raff, 2009). Centrioles and centrosomes act as a major 
microtubule organising centre, and have a number of important roles including 
cilium formation and asymmetric cell division (Vaughan & Dawe, 2011). In many 
cases of metazoan mitosis, centrosomes act to recruit the γ-TuRC to the PCM 
at an increased rate during mitosis, nucleating microtubules that will form and 
maintain the mitotic spindle (Figure 1.6A). The composition of centrosomes is 
divergent across species (Bornens, 2012), but the general principals of γ-TuRC 
recruitment appear to be similar. For instance, in Drosophila, a simplified 
version of the recruitment model suggests that centriolar proteins such as D-
Spd-2 and Asterless (Asl) recruit the PCM component Centrosomin (Cnn) into a 
PCM scaffold structure (Conduit, et al., 2010). It is then Cnn that recruits the γ-
TuRC to the centrosome (Zhang & Megraw, 2007) resulting in microtubule 
nucleation. Regulation of these proteins, such as by Polo Kinase 
phosphorylation of Cnn, can control the extent of their incorporation into the 
centrosome and therefore the extent of microtubule nucleation (Dobbelaere et 
al., 2008; Conduit et al., 2010). This is known as centrosome maturation, and 
occurs at the onset of mitosis, allowing for a greater amount of microtubule 
nucleation.  
Kinetochores and Chromosomes 
The primary role of mitosis is the accurate alignment and segregation of 
duplicated chromosomes. For this, microtubules must be able to interact with 
chromosomes. This is primarily performed through microtubule-kinetochore 
interactions (Figure 1.1). The kinetochore is an intricate nucleoprotein complex, 
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in many organisms predominantly assembled on chromosomal centromeric 
DNA sequences following nuclear envelope breakdown. The nature of the large 
centomeric DNA regions on which the kinetochore assemble differ across 
organisms, although multiple repeated sequences appear to be a common 
feature (Fukagawa, 2004). In organisms such as Humans and Drosophila, a 
single kinetochore exists on each sister chromatid. The kinetochore exhibits a 
trilaminar structure, with an inner plate close to the centromere, an outer plate 
and an exterior fibrous corona (Maiato et al., 2004).  
The inner layer of the kinetochore is generally a specialised form of chromatin 
with auxiliary proteins that persists throughout the cell cycle. These proteins 
include CENP-A nucleosomes, CENP-C, CENP-H and CENP-I, which are 
implicated in the recruitment of outer kinetochore components in mitosis (Maiato 
et al., 2004).  
Outer kinetochore and corona proteins are mitotic specific kinetochore 
components, and are often associated with microtubule attachment, regulation 
of microtubule dynamics and checkpoint signalling. In metazoans, the 
conserved KNL1– Mis12–Ndc80 (KMN) network is perhaps most recognised as 
the key facilitator of microtubule attachment and attachment regulation 
(Cheeseman et al., 2006; Tanaka, 2012). Here, the Ndc80 domain of the Ndc80 
complex, and KNL1 from the KNL-1/Mis12 complex, bind directly to 
microtubules. There appear to be around twenty such binding sites in metazoan 
kinetochores (Fukagawa, 2004). Exactly how this binding occurs, and whether 
other molecules are involved is not known. More, however is understood about 
how this KMN network-microtubule attachment is regulated in regards to 
controlling accurate chromosome alignment. High concentrations of the 
dynamic Aurora B kinase-containing chromosomal passenger complex (CPC) 
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are found in the inner centromere (Vader et al., 2006). It is thought this 
proximity to the CPC, which increases the chances of Aurora B phosphorylation 
of the Mis-12 complex, KNL1 and Ndc80, decreases their chances of binding to, 
or remaining bound to, microtubules (Tanaka, 2012). This acts to correct 
erroneous microtubule-kinetochore attachment. For instance, if two sister 
kinetochores are attached to microtubules from a single spindle pole, or if the 
microtubules are not attached to a pole, the amount of tension imparted on the 
kinetochore by these microtubules will be low. High tension from correct bipolar 
microtubule attachment will typically “stretch” the kinetochore, increasing the 
distance between the CPC and KMN network components, decreasing their 
chances of being phosphorylated by Aurora B and increasing their microtubule 
binding affinity. The lack of tension in erroneous attachments therefore results 
in cessation of the microtubule kinetochore attachment (Tanaka, 2012).  
Other components of the outer kinetochore and corona regulating microtubule 
attachment include diffusible inhibitors of the anaphase promoting complex 
(APC/C), such as Mad2, Bub1 and BubR1, and other regulatory proteins of the 
spindle assembly checkpoint (SAC)  (Karess, 2005). The nature of the 
recruitment and activity of this large array of proteins is complex and not fully 
understood, although a range of mechanisms are known to exist that allows 
anaphase to occur only following correct microtubule-kinetochore attachment 
and chromosome alignment. For instance it is through microtubule attachment 
that some checkpoint proteins are able to stream polewards, facilitated by 
minus end directed microtubule motors such as Dynein-Dynactin, which is 
recruited by the Rod-Zw10-Zwilch complex (RZZ). The loss of these proteins 
through polewards streaming (or shedding) allows SAC satisfaction and APC/C 
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activation by Cdc20 leading to APC/C mediated degradation of Cyclin B (and 
therefore Cdc2 kinase inactivation) leading to anaphase (Karess, 2005).  
The Mitotic Spindle 
The previous sections have provided a description of the key components of the 
mitotic spindle (Figure 1.1). There are dynamic microtubules, constantly 
growing and shrinking, which are nucleated by the γ-TuRC (Figure 1.2), often 
associated with microtubule organising centres in the form of centrosomes. 
These centrosomes go on to form the poles of spindle in the majority of 
metazoan cells. Also discussed are the kinetochores, the highly complex 
microtubule binding sites of chromosomes, which are able to regulate 
microtubule binding and act to detect errors in spindle assembly. This, however, 
says nothing about how the mitotic spindles themselves form, especially when it 
is considered that the spindle shape is morphologically similar across eukaryotic 
species despite huge variations in the numbers of chromosomes, the cellular 
machinery and cell shapes and sizes.  
 
1.2 Methods of mitotic spindle formation  
Early views of spindle formation 
Descriptions of cell division can be found dating back as early as 1841, with the 
term mitosis first coined by Walter Flemming in 1882 after observing the spindle 
and chromosomes in various stages of division in fixed Newt lung cells (Remak, 
1841; Flemming, 1882; Wilson, 1911). By the beginning of the twentieth 
century, the most basic principles of mitosis were known, with definitions of 
prophase, metaphase, anaphase and telophase. Although disagreement as to 
A B
C
i ii
iiiα iiiβ
iv v
i ii
iii iv
i ii
iii iv
Figure 1.3
  
Figure 1.3 Historic perspectives on spindle formation 
(A) Adapted from Wilson, 1911. Early diagrams of “typical” mitotic spindle formation. 
In early prophase, centrosomes begin to migrate to opposite sides of the spindle (i-ii). 
There are then two modes of later prophase. In one (iiiα) centrosomes migrate to 
opposite sides of the nuclear envelope (iiiα), and following nuclear membrane 
breakdown asters flood into the nuclear space (iv), primarily pushing the 
chromosomes onto the equatorial plate (iv-v). In another model (iiiβ), a “primary 
spindle” forms between the migrating centrosomes. Upon nuclear membrane 
breakdown, some asters from the primary spindle enter the nuclear space, capturing 
chromosomes (iiiβ), before dragging them onto the equatorial plate (v). (B) Adapted 
from Hughes-Schrader, 1924. Early diagram of spindle forming around chromosomes 
inside an intact nucleus inside the egg of the parasitic wasp Acroschismus wheeleri. 
Spindle like structures begin to form around individual chromosomes with no input 
from cytoplasmic or centrosomal microtubules (i). These microtubule based structures 
begin to coalesce together (ii-iii) before forming a bipolar structure with aligned 
chromosomes (iv). (C) Adapted from Wilson, 1914, itself adapted from work performed 
by Winthrop John Van Leuven Oosterhout (Oosterhout, 1897). Spindle formation in 
Equisetum, a genus of spore forming vascular plants. A muli-polar “fibrillar” figure 
forms around the nucleus (i) which invades the nucleus following nuclear membrane 
breakdown (ii). Originally a multi-polar spindle forms (iii), but this will condense into a 
bipolar spindle (iv).  
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the importance, or even existence, of the spindle (at that point known as the 
Amphiaster or the Mitotic Figure) would continue for another fifty years, there 
were already multiple descriptions of its working and alleged origins from a 
variety of organisms. The most contentious issue at the time appears to have 
been over the source of microtubules and the importance of the centrosome 
(Wilson, 1911). Many observers had witnessed fibers (later known as 
microtubules) organised by the centrosome forming small spindle like structures 
developing adjacent to the nucleus, before nuclear membrane disappearance 
allows for these fibers to enter the nucleus and attach chromosomes (Figure 
1.3A). In different cell types, others had described centrosomes on either side 
of the nucleus, with fibers growing into the nuclear space following membrane 
disappearance, “pushing” chromosomes into the central region (Figure 1.3A). 
Additionally, the centrosome was demonstrated to be a persisting structure 
throughout the cell cycle. Yet others had noted that in higher plants 
centrosomes were lacking, while there were also demonstrations that spindles 
can form exclusively from nuclear material (reviewed in Wilson, 1911; Hughes-
Schrader, 1924) (Figure 1.3B). It was concluded that different mechanisms of 
spindle formation must exist in different organisms, it being stated that when the 
centrosome is present it appears to organise the spindle, whereas “fibrous 
protoplasmic elements” form the spindle when centrosomes are absent (Wilson, 
1911) (Figure 1.3C). Another disagreement at this time is the nature of the 
fibers that form the spindle, with the predominant view being that these are 
existing cellular structures re-organised into a spindle shape during mitosis. The 
more accurate view of Boveri that these fibers “crystalises anew” from 
protoplasmic material were widely disregarded (reviewed in Wilson, 1911).  
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By the middle of the century, development of polarised light microscopy had 
demonstrated the existence of spindle fibers as more than fixation artefacts; as 
dynamic aligned protein fibers which were able to generate and transmit force 
to the chromosomes (Inoue, 1953; Mitchison & Salmon, 2001). The nature of 
microtubules within the spindle would later be detailed following the 
development of electron microscopy (Harris, 1961), along with the nature of the 
kinetochore and the existence of centrosome maturation at the onset of mitosis 
(Snyder & McIntosh, 1975). Despite this, a comprehensive theory on how the 
spindle is assembled was lacking. This was confounded by widely varying 
accounts as to the source of microtubules. Although most accounts suggest that 
centrosomes were key components of spindle formation, it was demonstrated 
that Amblyeleotris wheeleri form spindles from microtubules that appeared to 
emanate from the kinetochores (Hughes-Schrader, 1924). Further accounts 
from the 1970s onwards demonstrated that isolated chromosomes were able to 
nucleate microtubules independently, although observations of spindle 
dynamics led many to think that this is not a process in vivo (Wit et al., 1980; 
Ris & Wit, 1981; Rieder & Borisy, 1981; Reider, 2005).  
Search-and-capture hypothesis 
Following the discovery of microtubule dynamic instability (Mitchison & 
Kirschner, 1984), the first comprehensive theory of mitotic spindle development 
in centrosomal cells was developed (Kirschner & Mitchison, 1986). Termed 
“search-and-capture,” this model proposes that during interphase there is a 
greater density of free Tubulin, with microtubules existing as long and stable 
structures with long GTP caps around a small organising centre in the form of 
the centrosome. In prophase, the PCM increases in size, increasing the 
accumulation of microtubule nucleating factors, therefore increasing the number 
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of microtubule sites. This rise in nucleation results in less free tubulin and 
shorter GTP caps, producing a greater number of microtubules, which are 
shorter and less stable and therefore more dynamic (more likely to undergo 
catastrophe). During prometaphase, the plus ends of some of these astral 
microtubules interact with the kinetochores (searching and capturing). These 
microtubules are then capped and partially stabilised at the kinetochore 
(Kirschner & Mitchison, 1986). Over time, repeated capture and stabilisation, 
coupled with the inevitable shortening of the uncaptured, unstable asters, 
results in the classic bipolar morphology of the mitotic spindle, with the 
centrosomes at the spindle poles (Figure 1.4A; Figure 1.6A).  
Despite the elegance of the search and capture hypothesis, it does not address 
all the issues of centrosomal spindle assembly. Firstly, the process is highly 
inefficient, with calculations showing that unbiased search and capture was “not 
fast enough to account for observed rates of spindle assembly” in human cells 
(Wollman et al., 2005). Additionally, the phenomenon of chromosome mono-
orientation and subsequent movement back to the spindle equator cannot be 
described by this model (O’Connel & Khodjakov, 2007).  
Spindle self-assembly 
As has already been mentioned, from the initial observations of mitosis it was 
clear that there are a number of circumstances where spindles form in the 
absence of centrosomes, most noticeably in higher plants. In some cases 
microtubule generation was observed within the nuclear region and around 
chromosomes (Wilson, 1911; Hughes-Schrader, 1924) (Figure 1.3B; Figure 
1.6B).The establishment of a mechanism responsible for spindle self-
organisation began after the discovery that in Xenopus egg extract, containing  
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Figure 1.4 Models for spindle assembly by search-and-capture and spindle self-
assembly 
(A) Schematic diagram of the search-and-capture model of spindle assembly. 
Following nuclear envelope breakdown at the onset of mitosis, a large number of 
microtubules are nucleated at the enlarged centrosomes. The plus ends of these 
multiple dynamic microtubules invade the nuclear space. Those elongating 
microtubules that “capture” kinetochores are stabilised and go on to form K-fibres, 
while those that are not are substantially more likely to undergo a catastrophe event. 
(B) Schematic diagram of spindle self-assembly. A Ran-GTP gradient exists around 
the chromatin which activates spindle assembly factors in their vicinity. The resulting 
microtubules formed in this area (often with a random distribution of growth of plus 
ends) are cross-linked by kinesin-5, with polarity established by Kinesin-4, and poles 
formed by interactions between microtubules and factors such as Dynein and NuMA.  
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spindle assembly and chromosome assembly components, bipolar mitotic 
spindles could form around magnetic beads coated in bacterial DNA (Heald et 
al., 1996). This demonstrates that spindles can self-assemble in the absence of 
centrosomes and kinetochores (as bacterial DNA should not contain any 
centromeric sequences), although these spindles could not actively align 
chromosomes or separate them, probably due to the lack of kinetochores. 
Xenopus egg extract is a useful model for spindle self-assembly because that 
these cells are laid arrested in the second meiotic metaphase, while the extract 
is a mix of nuclear and cytoplasmic components, meaning that all spindle 
assembly components are present.  Subsequent work in Xenopus egg extract 
system revealed that GTP bound Ran, a small guanosine triphosphatase 
(GTPase), was essential for spindle formation in this system (Ohba et al., 1999; 
Kalab et al., 1999; Wilde & Zheng, 1999), including acentrosomal mitotic spindle 
formation around chromatin covered beads (Carazo-Salas et al., 1999). The 
mechanism by which Ran is activated was also described, demonstrating that 
RCC1, the guanine-nucleotide-exchange factor for Ran, binds to chromosomes 
and converts the mitotically inactive Ran-GDP into Ran-GTP in the vicinity of 
the chromosomes (Carazo-Salas et al., 1999). That Ran-GTP, but not Ran-
GDP, is essential for mitosis was also demonstrated elsewhere (Ohba et al., 
1999). The underlying implication of this is that when chromosomes come into 
contact with chromatin-bound RCC1, following mitotic initiation and nuclear 
envelope breakdown (NEB), a high concentration of Ran-GTP will become 
present around chromosomes. Ran-GTP then releases spindle assembly 
factors (SAFs) (discussed later) from their inhibiting Importin protein, resulting in 
their activation and potentially the nucleation, stabilisation and organisation of 
microtubules around chromatin.  
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For spindles to self-assemble in Xenopus egg extract following chromatin 
mediated microtubule nucleation, the homoteterameric Eg5 motor protein (the 
Xenopus kinesin-5) crosslinks anti-parallel microtubules, forming an anti-parallel 
microtubule bundle (Karsenti & Vernos, 2001). Eg5 is Ran-GTP dependent, 
again highlighting the important role played by Ran in spindle self-organisation. 
Microtubules are then captured by the chromo-kinesin motor Xklp-1 (a member 
of the kinesin-4 family). As Xklp-1 is attached to chromatin and it moves 
towards microtubule plus ends, it forces microtubule minus ends away from the 
chromatin, creating an intrinsic polarity within the spindle. Finally, Dynein moves 
towards microtubule minus ends, focusing the spindle poles, another process 
that is Ran-GTP dependent in a number of systems. NuMA has also been 
associated in this pole formation through association with Dynein, moving 
polewards and cross-linking microtubules (Karsenti & Vernos, 2001; Ma et al, 
2010; Loughlin et al., 2010) (Figure 1.4B).  
In higher plants, Ran-mediated spindle self-assembly appears to be the driving 
force behind spindle formation, alongside an important role for kinetochores and 
a polarity input from plant specific preprophase microtubule bands (Zhang & 
Dawe, 2011). Ran appears to be conserved in plants, while in Arabidopsis Ran-
Guanosine Diphosphate Activating Protein (GAP) localises to the spindle and 
preprophase band (Zhang & Dawe, 2011). Ran appears to activate a number of 
conserved SAFs that are conserved in plants, which potentially help with the 
stabilisation and organisation of microtubules (although the exact nature of their 
mode of action in plants is unknown). They may also have a role in Histone H1 
dependent microtubule nucleation around the nuclear envelope (Hotta et al., 
2007; Nakayama et al., 2008; Smirlis et al., 2009). Here, in Maize and Tobacco 
BY-2 cells, Histone H1 forms ring-shaped complexes with Tubulin polymers on 
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the nuclear envelope. From these, microtubules emanate, with the microtubule 
plus ends facing the nuclear envelope and the minus ends of the microtubules 
emanating out of the envelope as the plus ends are polymerised (Stoppin et al., 
1994; Hotta et al., 2007; Nakayama et al., 2008). It is then highly likely that 
many of these microtubules proceed to flood the nuclear space, forming at least 
a sizable proportion of the spindle. In the Excavate proteazoa Leishmania, Ran 
and Histone H1 co-localise on the surface of the nuclear envelope and interact 
in vitro, suggesting that Ran might have a role in modulating Histone H1 (Smirlis 
et al., 2009). One interesting aspect of plants is that, like animal cells, they form 
spindles most effectively when a source of polarity is present (Zhang & Dawe, 
2011). In higher plants spindle poles exist as multiple distinct points instead of a 
converged tip as is usually seen in animals. This suggests that self-organising 
microtubules are not entirely sorted by cross-linking factors into a bipolar 
morphology, as this would likely lead to polar microtubule congression into more 
distinct points. The source of higher plant bipolarity is thought to the 
preprophase band (PPB); cortical microtubules that form a circle around the 
nucleus in late interphase and early prophase in a manner perpendicular to the 
eventual spindle polarity (and therefore roughly in line with the metaphase 
plate), which when perturbed in Tobacco BY-2 cells result in multi-polar 
spindles (Yoneda et al., 2005). It is thought that during prophase, some 
microtubules from the PPB, known as bridging microtubules, radiate out from 
the PPB and make contact with the nucleus, forming the “outline” of the future 
spindle poles. When the nuclear envelope breaks down, these microtubules 
then share a predominant polarity perpendicular to the PPB, alongside which 
other microtubules will be aligned to eventually form the spindle bipolarity 
(Zhang & Dawe, 2011). Additionally, there is also evidence that plant 
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kinetochores, which share a number of similarities with those of animals, 
including the Ndc80 complex, are able to nucleate microtubules, again assisting 
in spindle self-organisation (Zhang & Dawe, 2011). Therefore in higher plants 
spindles predominantly self-organise, but have apparently exploited novel 
mechanisms to assist in this process.  
Certain examples exist of acentrosomal metazoan systems, the most notable 
being the oocytes of some animals. Mouse oocytes do not contain 
centrosomes. Instead, they form microtubules from numerous acentrosomal 
microtubule organising centres (aMTOCs) that generate microtubules 
throughout the ooplasm (Figure 1.6C). These aMTOCs congress towards the 
nucleus at the onset of mitosis and contribute to a Ran dependant increase in 
the number of microtubules. These microtubules are then organised in a 
kinesin-5 dependent manner, as is the case in Xenopus egg extract (Schuh & 
Ellenberg, 2007). In Drosophila oocytes, which are also acentrosomal, after 
NEB of meiosis I, “asters” form that contains microtubules and the Drosophila 
kinesin-14 Ncd. These “asters” migrate to the cajal bodies (or endobodies), 
which are in close vicinity to chromosomes. At the cajal bodies microtubules are 
nucleated and elongated, eventually forming bivalent associations with other 
microtubules and becoming cross-linked, eventually elongating into a bipolar 
spindle (Sköld et al., 2005). 
What is interesting about acentrosomal spindle formation when witnessed in 
vivo in plants and metazoan oocytes is that although microtubule nucleation 
around chromatin is sometimes seen, it does not appear to be the primary route 
to spindle formation, with these systems often evolving novel “centrosomal 
substitutes,” either providing the bulk of microtubules or a bipolar cue. 
Therefore, Ran dependent microtubule nucleation around chromatin and 
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kinetochores might not be a unique feature of acentrosomal cells, but instead 
an underlying mechanism of spindle assembly in all systems.  
Multiple assembly mechanisms  
Although much has changed in terms of knowledge of the mechanisms 
governing spindle assembly since the first descriptions of spindle assembly at 
the turn of the twentieth century, the view presented at the time of mutually 
exclusive methods of spindle assembly in centrosomal and acentrosomal cells 
still seemed to persist throughout the twentieth century (Wilson, 1911; Maiato et 
al., 2004). Contradictions to the view have come from evidence that normally-
centrosomal cells can still form bipolar spindles when centrosome function is 
artificially perturbed. A stable haploid Drosophila cell line, named 1182-4D, was 
one of the first acentrosomal animal cell lines to be derived from typically 
centrosomal somatic cells (Debec et al., 1982; Debec & Abbadie, 1989; Debec 
et al., 1995). Although the source of microtubules in this line were for many 
years attributed to aMTOCs (with a recent study demonstrating that some 
microtubules in a similar line are nucleated around chromatin (Lecland et al., 
2013)), this demonstrated that in the absence of functioning centrosomes, 
bipolar spindles can still assemble through self-assembly mechanisms in 
typically centrosomal systems. Many further studies have shown that when 
centrosomes are artificially perturbed, bipolar spindles can form. For instance, 
in Drosophila male meiotic cells lacking Asterless (Asl) (which lack centrosomes 
capable of generating asters), a ‘peculiar anastral spindle’ could form in these 
typically centrosomal cells. Even more robust mitotic spindles were 
subsequently seen in the brains of asl Drosophila larvae (Wakefield et al., 
2001). In CVG-2 mammalian cells, a laser microsurgery system was developed 
able to target and ablate centrosomes. Observations in this line showed that in 
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the absence of centrosomes, bipolar spindles can form. 
Depolymerisation/regrowth experiments further revealed that in this typically 
centrosomal line microtubules form randomly in the cytoplasm (Khodjakov et al., 
2000). Acentrosomal spindle formation was further described in another 
Drosophila mutant line, in this case missing the key centrosomal protein Cnn, 
resulting in the apparent loss of centrosomes (Megraw et al., 2001). cnn flies 
are able to develop into sterile adults, while robust bipolar spindle assembly 
was seen in larval neuroblasts and in cnn RNAi treated tissue culture cells. The 
source of microtubules in this case is again uncertain, although it is clear that 
spindles are able to organise in the absence of clear centrosomal structures. 
Another study found that spindles can form in Drosophila in the absence of 
functioning centrioles (Basto et al., 2006).  In HeLa cells, spindles fail to form 
following RNAi inhibition of the spindle assembly factor TPX2 (Gruss et al., 
2002). This was at the time attributed to the inability of these spindles to form 
microtubules around chromosomes, the insinuation being that these 
microtubules are required for adequate bipolar spindle formation. While later 
findings about the function of TPX2 and other spindle assembly factors 
challenge this assumption (discussed later), this is one of the first experimental 
suggestions that multiple microtubule sources might be required for human 
spindle assembly. Later work in mammalian LLC-PK1α cells (pig kidney 
epithelial cells) showed live images of direct microtubule nucleation from 
kinetochores in a TPX2 dependent manner following release from the 
microtubule polymerisation inhibitor nocodazole (Tulu et al., 2006). Microtubules 
were first seen emanating from kinetochores in the presence of fully functioning 
centrosomes two years previously in Drosophila tissue culture S2 cells (Maiato 
et al., 2004). Here, kinetochore-emanating microtubules were originally 
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observed as a correction method for mono-orientated chromosomes, with the 
kinetochore formed K-fiber attaching the chromosome to the adjacent 
unattached centrosome. Subsequently, in highly flattened cells, the ability of 
astral microtubules to contact kinetochores is supressed, with microtubules 
originating from kinetochores occurring after a three to four minute lag period. 
Unsurprisingly, this type of microtubule formation was also seen when K-fibers 
were severed using a laser microbeam (Khodjakov et al., 2000). Finally, it was 
demonstrated that these microtubules grow with their plus-ends embedded in 
the kinetochore. Microtubule polymerisation then occurs at the plus-ends, with 
the minus-end then projecting out. Although Dynein was shown to be important 
in organising these microtubules, no molecular mechanisms downstream of 
Ran were suggested, as a Drosophila TPX2 homologue had not, at that time, 
been identified (Maiato et al., 2004; Goshima, 2011). What is interesting about 
these studies is that, in contrast to Xenopus egg extract where spindles form 
around chromatin, microtubules are seen emanating directly from kinetochores. 
It is likely that, although the molecular mechanisms behind these forms of 
spindle formation are very similar, with a dependence on Ran-GTP (Kalab et al., 
1999; Gruss et al, 2001; Gruss et al., 2002; Tulu et al., 2006; Torosantucci et 
al., 2008), the reasons for the formation of these microtubules are perhaps 
different. In the cases of microtubule nucleation from kinetochores, this appears 
to occur when chromosomes are mono-orientated, as a small-scale corrective 
mechanism. When microtubules are indiscriminately nucleated around 
chromatin, this is typically when astral input is completely absent, and therefore 
a large amount of microtubules are required to form a functioning stable spindle. 
It is possible that the reason for this is due to general differences between cells, 
such as the nature of the Ran-GTP gradient or kinetochore function; or down to 
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the availability of free GTP-tubulin or another factor limiting microtubule 
nucleation. Another possibility is that there are regulatory mechanisms that 
control the type of microtubule. For instance, the CPC is able to monitor the 
state of kinetochore-microtubule attachment (Ruchaud et al., 2007), and has 
also been implicated in modulating chromatin mediated microtubule nucleation 
(Kelly et al., 2007; Maresca et al., 2009) and microtubule nucleation from 
kinetochores (Tulu et al., 2006).  
It is now understood that in a number of systems, microtubules are nucleated 
from multiple sources within the cell, even in the presence of centrosomes 
(Kalab & Heald, 2008; Duncan & Wakefield, 2011). For instance, in HeLa cells 
undergoing mitosis with unreplicated genomes (MUG), chromosomes are 
rapidly separated from the developing spindle. In this case of spatial separation, 
microtubules were observed emanating from centrosomes, kinetochores and 
around chromatin (O’Connel et al., 2009). The proteins and complexes 
implicated in controlling these acentrosomal spindle assembly pathways will 
now be discussed.  
 
1.3 The role of spindle assembly factors (SAFs) in spindle assembly 
TPX2 
When considering the formation of the mitotic spindle, the role of spindle 
assembly factors is particularly important. One of the most well-known and 
studied spindle assembly factors is Targeting Protein for XKLP2 (TPX2).  
First identified as P100, a nuclear protein in proliferating L428 cells that 
localises to the spindle pole and mitotic spindle during mitosis (Heidebrecht et 
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al., 1997), it was renamed TPX2 when recognised as a microtubule associated 
protein (MAP) that targets Xklp2 to the mitotic spindle in Xenopus (Wittmann et 
al., 2000). Upon its discovery in Xenopus, TPX2 was also shown to be 
phosphorylated during mitosis in a microtubule dependent manner and 
essential for spindle pole structure in egg extract (Wittmann et al., 2000). 
TPX2 was identified as the first protein to work downstream of Ran-GTP in 
spindle assembly, able to promote microtubule assembly in M phase Xenopus 
egg extracts essential for spindle assembly around DNA coated beads (Gruss 
et al., 2001). Gruss and colleagues proposed a model whereby TPX2 is 
transported into the nucleus during interphase bound to Importins in an inactive 
form. Ran-GTP associates with Importin β and the export receptor CAS, freeing 
TPX2 from Importin α and allowing it to function in mitosis. Expanding on this 
work, it was shown that suppressing TPX2 expression in HeLa cells blocks 
spindle formation, resulting in long asters unable to effectively capture 
chromosomes (Gruss et al., 2002). Perhaps the most obvious explanation for 
this result is that TPX2 stabilises asters in the vicinity of chromosomes, 
increasing the effectiveness of the search and capture method. To test this, 
aster length upon addition of increasingly high concentrations of GTP loaded 
RanQ69L in mock depleted and TPX2 depleted Xenopus egg extract was 
measured. Here, under lower RanQ69L concentrations, aster length was not 
shorter in the TPX2 depleted sample. At higher RanQ69L concentrations asters 
were actually longer in the TPX2 depleted sample, not only suggesting that 
TPX2 is not stabilising microtubules (or that there are other SAFs that can 
compensate for its loss), but also suggesting that it is depleting the free tubulin 
pool by promoting microtubule nucleation away from the centrosome (Gruss et 
al., 2002). There is still no explanation as to how TPX2 promotes this 
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microtubule nucleation. It has subsequently been shown that TPX2 is also 
essential for MT nucleation from kinetochores in mammalian cells (Tulu et al., 
2006), although it has been demonstrated that when TPX2 is depleted, 
chromosome promoted spindle assembly in Xenopus egg extract can partially 
recover when excess XMAP215 or EB1 are added (Groen et al., 2009). It has 
also been shown that spindles are shorter when TPX2 is absent (Bird & Hyman, 
2008). A more recent discovery has been that following TPX2 immuno-inhibition 
in Xenopus egg extract microtubule branching, a process thought to be 
mediated by Augmin (discussed later), is inhibited, with an association between 
TPX2, Augmin and γ-Tubulin, demonstrated by immunoprecipitation, suggesting 
the possibility of a microtubule amplification complex existing between these 
proteins (Petry et al., 2013). The exact nature of this Augmin-TPX2 link, or its 
significance to spindle assembly, is not known.  
Another key characteristic of TPX2 is its activation and localisation of the mitotic 
kinase Aurora A (Kufer et al., 2002; Kufer et al., 2003). By binding to TPX2, 
Aurora A loses its susceptibility to dephosphorylation by PP1. Aurora A will then 
be transported polewards with TPX2, which itself is transported to microtubule 
minus ends by Dynein-Dynactin (Kufer et al., 2002; Ma et al., 2010, Xu et al, 
2011). There is debate over whether this interaction with Aurora A is a function 
of TPX2 unrelated to its role in chromatin mediated microtubule nucleation or if 
chromatin mediated microtubules are Aurora A dependent. It is certainly the 
case that the N-terminal Aurora A binding domain and the region responsible for 
the TPX2 SAF role are distinct (Baylis et al., 2003; Brunet et al., 2004). 
Experiments in cycling Xenopus egg extracts containing TPX2 lacking the 
Aurora A binding domain were still able to form bipolar spindles around DNA 
covered beads (Brunet et al., 2004). A similar study in cytostatic factor arrested 
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Xenopus egg extract witnessed spindles forming around Aurora A coated beads 
in the presence of Ran-GTP.  When the Aurora A binding domain of TPX2 was 
removed, bipolar spindles failed to form (Tsai & Zheng, 2005). The main 
difference between these two studies (alongside the differences in the egg 
extract used) is that Aurora A coated beads act as spindle poles, whereas 
bipolar spindles form around DNA coated beads. Therefore it is possible that 
TPX2 is needed for bipolarity in spindles formed entirely from centrosomes. 
Another study in human U2OS cells where the Aurora A–TPX2 interaction had 
been blocked showed that spindles could still form, but microtubule nucleation 
from kinetochores was absent. The disparity between this finding and those in 
Xenopus is likely due to differences in the mode of TPX2 operation between 
organisms (Bird & Hyman, 2008).  
HURP 
HURP (hepatoma upregulated protein) is a Ran-GTP regulated protein 
associated with the kinetochore fibers during mitosis (Silljé et al, 2006), 
implicated in microtubule stabilisation and chromosome congression (Wilde, 
2006; Ye et al, 2011). HURP was first identified in a screen of cell cycle 
regulated genes as a G2/M phase protein differentially expressed in human 
hepatocellular carcinoma (HCC) (Tsou et al, 2003) and is relatively well studied 
as an oncogene. The immuno-histochemical detection of HURP in fine needle 
aspirated hepatoma cells is associated with a lower disease-free survival, while 
HURP is identified as a prognosis marker in HCC (Chang et al, 2011) and is up 
regulation in TCC (transitional cell carcinoma), with 77.8% of tumours 
expressing higher levels of HURP than adjacent tissue (Chiu et al, 2002). 
HURP is also positively expressed in malignant adrenocortical tumours (Chang 
et al, 2011) and colon tumours (Gudmundsson et al, 2007).  
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The mechanistic characteristics of HURP in spindle assembly as a Ran 
substrate have been characterised in a number of vertebrate systems. In Hela 
cells, HURP was found to be imported into the nucleus in association with 
Importin-β and therefore dependent on Ran-GTP for its activation (Silljé et al., 
2006; Wong & Fang, 2006). Depletion of HURP by RNAi results in a delay in 
chromosome congression (Silljé et al., 2006) and a reduction in sister 
kinetochore tension resulting in delayed mitotic progression because of an 
unsatisfied SAC (Wong & Fang, 2006). The localisation of HURP in Human 
cells is predominantly on K-fibers and not interpolar microtubules, with an 
increase in the concentration of HURP levels close to chromatin and the 
microtubule plus-ends (Silljé et al., 2006). The role of HURP on these 
microtubules appears to be that of a stabiliser; while 20 minute cold treatment of 
control mitotic cells would usually depolymerise interpolar microtubules while 
leaving the more stable K-fibers intact, it results in depolymerisation of all 
microtubules following HURP RNAi (Silljé et al., 2006). Additionally, the Tubulin 
turnover rate is higher following the depletion of HURP; another sign that it is a 
microtubule stabiliser (Wong & Fang, 2006). In vitro HURP has been shown to 
bind to, bundle and stabilise microtubules, for instance protecting taxol 
stabilised microtubules from depolymerisation after 16 hours of cold treatment. 
All these processes have been shown to be dependent on the Ran-GTP 
mediated disassociation of HURP from Importin-β (Silljé et al., 2006).  
HURP has been implicated in existing in a mitotic complex with TPX2, the 
microtubule polymerase XMAP215, Eg5 and Aurora A in Xenopus egg extract 
(Koffa et al., 2006). This existence of this supramolecular structure has been 
shown to be dependent on the presence of both Aurora A and HURP, although 
the physiological significance of this complex is unknown. Suggestions for the 
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complex's role include as a modulator of Eg5 localisation and activity or as a 
means of localising a number of Ran targets simultaneously to the spindle 
(Wilde, 2006). However, in many ways these finding are contradicted by other 
work performed in the Xenopus egg extract system, which found no evidence of 
a physical interaction between HURP and TPX2 (Casanova et al., 2008). In this 
study, HURP and TPX2 were concluded to have non-redundant functions 
essential for chromosome-induced microtubule assembly after establishing that, 
following HURP depletion, microtubule nucleation around chromatin was absent 
in a TPX2 independent manner, whereas centrosomal nucleation was 
unaffected.  
Other work on HURP function has revealed that in the acentrosomal mouse 
oocyte, HURP ensures assembly of a central microtubule array that acts as a 
scaffold from which bipolarity is ascertained (Tsai et al., 2008). HURP was also 
shown to be essential in clustering other aMTOCs within this system following 
bipolar initiation. It has also been reported that HURP is involved in the plus end 
localisation and dynamics of Kif18A, a kinesin essential for chromosome 
congression (Ye et al., 2011).  
Following analysis of publically available microarray datasets, a similar 
expression pattern between Aurora A and HURP was observed (Yu et al., 
2005). This association was tested in vitro and in vivo, with Aurora A shown to 
phosphorylate HURP in both circumstances; a phosphorylation important in the 
survival and proliferation of cancer cells (Yu et al., 2005). The mechanistic 
significance of this interaction was later explored, revealing that the microtubule 
binding and stabilising N-terminal of HURP is negatively regulated through 
binding with the C-terminal of HURP. Phosphorylation of this C-terminal by 
Aurora A is essential for the N-terminal function of HURP and therefore for 
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microtubule binding and stabilisation (Wong et al., 2008). Later work using the 
small molecule Aurora A inhibitors IBP001 and IBR002 demonstrated that 
Aurora A phosphorylation was also important in assuring the re-localisation of 
HURP from the microtubule minus ends and centrosomes to microtubule plus 
ends (Wu et al., 2013).  
A final interesting characteristic of HURP, the significance of which is not 
understood, is its ability to induce a previously undescribed conformation of 
Tubulin (Santarella et al., 2007). By adding HURP to pure Tubulin, Tubulin 
sheets were shown to form, with anti-parallel protofilaments exhibiting a P2 
symmetry (meaning all protofilaments are arranged with the same surface 
facing outwards as seen in normal microtubules). These sheets were then 
shown to wrap around intact microtubules. Although not demonstrated in vivo, 
this process was suggested to be a means by which HURP stabilises 
microtubule plus-ends (Santarella et al., 2007).  
Other Spindle Assembly Factors 
The term spindle assembly factor (SAF) is of loose definition. As a Ran-GTP 
dependent protein crucial for acentrosomal spindle formation, 
Nuclear Mitotic Apparatus (NuMA) could be described as a well characterised 
SAF. Involved in in tethering spindles to their poles in centrosomal systems, 
NuMA is essential for organising spindles during self-assembly in acentrosomal 
systems. Following Ran-GTP mediated Importin release and mitotic specific 
phosphorylation, NuMA crosslinks microtubules and binds to Dynein, moving 
towards the microtubule minus ends, therefore over time forming poles 
(Radulescu & Cleveland, 2010). NuMA however does not have a role in 
microtubule nucleation in the vicinity of chromosomes. Similarly, 
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Xenopus nuclear factor 7 (Xnf7) is a Ran-GTP dependent SAF responsible for 
microtubule bundling during spindle self-organisation in Xenopus egg extract. 
Although comparatively little is known about its function, spindles are 
hypersensitive to depolymerisation agents in its absence in a process that 
appears to be dependent on its microtubule bundling capabilities (Maresca et 
al., 2005).  
Another Ran-GTP SAF, Nucleolar Spindle Associated Protein (NuSAP), is 
associated with microtubule and chromatin binding, and is enriched at 
microtubules proximal to chromatin (Ribbeck et al., 2006). Like HURP, NuSAP 
has been shown to be involved in microtubule bundling during spindle self-
assembly and to protect microtubules against depolymerisation, while also 
stabilising microtubules (Ribbeck et al., 2006). The ability of NuSAP to bind to 
chromatin has also led to the suggestion that it is responsible for recruiting (or 
potentially generating) microtubules attached to chromatin in early spindle self-
assembly (in contrast to chromokinesins that appear to work later) (Ribbeck et 
al., 2007), therefore acting to stabilise these microtubules to enhance 
chromosome positioning without immobilising the microtubules (Verbakel et al., 
2011). Like TPX2 and HURP, NuSAP is overexpressed in a number of cancers 
(Verbakel et al., 2011) but is substantially less studied than these two better-
known SAFs.    
ISWI, a chromatin remodelling ATPase, is also a Ran-GTP mediated SAF with 
a role later in mitosis stabilising and bundling anaphase microtubules 
(Yokoyama et al., 2009). 
Other proteins that are arguably SAFs have been implicated in chromatin 
mediated microtubule nucleation, such as microtubule stabilising/elongating 
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factors including XMAP215 and EB1. However, neither of these are directly 
regulated by Ran-GTP (Groen et al., 2009). XMAP215 uses TOG domains to 
recruit Tubulin dimers to the growing end of microtubules, substantially 
increasing the rate of microtubule polymerisation (Al-Bassam & Chang, 2011), 
while EB1 is a general regulator of factors regulating microtubule polymerisation 
(Tamura & Draviam, 2012).  
 
1.4  The Augmin Complex 
Augmin is a key spindle assembly component that mediates microtubule-
dependent microtubule nucleation, a process increasingly being seen as vital 
for spindle assembly (Goshima & Kimura, 2010). It is a complex composed of 
eight proteins (Dgt2-6, Msd1, Msd5 and Wac) which binds to pre-existing 
microtubules and recruits the γ-TuRC (Figure 1.5A-B; Figure 1.6D). Augmin 
was first identified in Drosophila. Five Augmin components (Dgt2, Dgt3, Dgt4, 
Dgt5 and Dgt6) were described in a genome wide RNAi screen in Drosophila 
S2 cells, where their depletions all resulted in diminished γ-Tubulin levels on the 
spindle and reduced microtubule density (Goshima et al., 2007). GFP tagged 
versions of these five proteins were shown to localise uniformly to the spindle, 
with no enrichment at centrosomes (Goshima et al., 2007). Simultaneously, a 
targeted MAP based RNAi screen identified these proteins, with RNAi 
phenotypes including low microtubule density within the spindle, misaligned 
chromosomes and monopolar spindles (Hughes et al., 2008). Additionally, this 
screen identified three other proteins with similar phenotypes: Msd1, Msd5, and 
CG13789 (later renamed Wac) (Hughes et al., 2008). Subsequently, Dgts 2-6 
were shown to interact forming a stable complex (Goshima et al., 2008). This  
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Figure 1.5 The structure and function of the Augmin complex 
(A) The structure of Augmin and its association with the γ-Tubulin ring complex (with 
its Augmin interacting subunit DGP71WD highlighted) (i). Dgt4 interacts with pre-
existing microtubules (shown in yellow) while Dgt6 has been shown to interact with the 
γ-TuRC subunit DGP71WD. Wac, Dgt5 Dgt2 and Msd1 form the core of the Augmin 
complex. (B) The current model for the function of Augmin alongside an alternative 
model. In the current model, Augmin is recruited to pre-existing microtubules during 
mitosis. From here it recruits the γ-TuRC, which nucleated fresh microtubules. In the 
alternative model, the γ-TuRC nucleates microtubules in the cytosol. Augmin then 
binds to the γ-TuRC, which is still attached to the recently generated microtubules, 
and binds to pre-existing microtubules. 
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study (which was the first to name the Augmin complex) also showed that when 
centrosomes were perturbed through cnn RNAi, bipolar spindles often failed to 
form, with severe chromosome alignment defects. Despite this, chromatin 
mediated microtubule nucleation was concluded to be unaffected (Goshima et 
al., 2008). A further study of the Msd1 protein demonstrated that it is a MAP that 
coimmunoprecipitates with Dgt5 and Dgt6 (Wainman et al., 2009). RNAi of 
Msd1 showed that the γ-TuRC component D-Grip 71 was decreased on the 
spindle and intraspindle nucleation (as assayed by EB1-GFP measurements) 
was reduced when Msd1 is perturbed; supporting the idea that Augmin is 
responsible for recruiting the γ-TuRC to existing microtubules(Figure 1.5B). A 
viable hypomorphic msd1 line was generated, exhibiting long spindles with 
weak microtubule density in embryos and larval neuroblasts. Supporting the S2 
cell results, demonstrating that spindles fail to form when centrosomes are 
perturbed, spindles failed to form in neuroblasts of cnn;msd1 larvae (Wainman 
et al., 2009). A similar investigation was performed into the role of the Wee 
Augmin Component (Wac) in Drosophila oocytes, which showed that Wac was 
essential for acentrosomal spindle formation and directly interacts with Dgt2 
through its coiled-coil domain (Meireles et al., 2009).  
In contrast to previous work suggesting that Drosophila Augmin plays no role in 
kinetochore-microtubule growth (Goshima et al., 2008) the Drosophila Augmin 
component Dgt6 was implicated in K-fiber formation in S2 cells (Bucciarelli et 
al., 2009), with microtubule nucleation from kinetochores severely reduced 
when Dgt6 is depleted. Based on the co-immunoprecipitation of Dgt6 with 
Msps, D-TACC, Ndc80 and Nuf2, it was hypothesised that Dgt6 might bind to 
and stabilise nascent chromosomally induced microtubules through its 
interaction with the Ndc80-Nuf2 complex (Bucciarelli et al., 2009). Interestingly 
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an association between the Human Ndc80 homologue HEC1 and the Augmin 
component HICE1 had also been observed (Wu et al., 2009).  
Shortly after the identification of the Augmin complex in Drosophila, a Human 
and Xenopus homologue of Dgt6 was identified (Goshima et al., 2008). At the 
same time, the HICE1 (Hec1-interacting and centrosome-associated 1), a Dgt4 
homologue, was identified based on abnormal spindle configuration, mitotic 
delay and elevated aneuploidy upon its depleted and microtubule resistance to 
cold treatment and nocodazole when over expressed (Wu et al., 2008a). Hice1 
was also shown to bind to microtubules in vivo and in vitro via its N-terminal, 
although the association with Augmin was not at this time recognised (Wu et al., 
2008a). Immunoprecipitation and mass spectrometry of GFP tagged H-Dgt6 
identified seven interacting proteins that were identified as components of the 
Human Augmin complex, including the previously identified HICE1 protein, 
which was suggested to provide the microtubule binding domain of Augmin 
(Uehara et al., 2009). Perturbation of human Augmin components results in 
metaphase arrest of spindles and reduced tension on kinetochores, while a role 
for Augmin in central spindle formation was also suggested. The N-terminal of 
H-Dgt6 was shown to interact with the γ-TuRC component NEDD1, with 
spindles expressing a truncated h-Dgt6 failing to recruit γ-tubulin to the spindle 
(Uehara et al., 2009). Simultaneously, an RNAi screen of the human 
centrosome proteome identified the same eight subunits, through co-
immunoprecipitation, as part of a complex homologous to Augmin, for which the 
Homologous for Augmin Subunits (HAUS) nomenclature was used, naming the 
subunits from 1-8 (Lawo et al., 2009). This work focused on the multi-polar 
phenotype observed following HAUS component perturbation, suggesting that 
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the centrosome fragmentation seen is the result of NuMA mislocalisation (Lawo 
et al., 2009). 
Reviews at this time laid out the potential roles of Augmin-mediated microtubule 
dependent microtubule amplification. Increasing the number of microtubules in 
the spindle would deplete the finite pool of Tubulin, resulting in more 
microtubules and shorter spindles. Therefore Augmin can be seen as important 
in regulating spindle length (Goshima & Kimura, 2010; Goshima & Scholey, 
2010). Perhaps more importantly, the role of Augmin in increasing search and 
capture efficiency was explored, with the presence of microtubule branching 
allowing several microtubules, connected by Augmin (or as a downstream result 
of Augmin mediated branching) to capture kinetochores from centrosomes, 
instead of single very long (and therefore unstable) microtubules as originally 
proposed for search and capture (Kirschner & Mitchison, 1986; Goshima & 
Kimura, 2010).  
Work on the Human Augmin complex has revealed how the complex is 
mitotically regulated. Phosphorylation of the Ser/Thr-17-21 residues at the N-
terminal of the microtubule binding HICE1 component of Augmin by the mitotic 
kinase Aurora A is essential for HICE 1 binding to microtubules, and therefore 
Augmin microtubule localisation (Tsai et al., 2011). Additionally, Cdc2-
dependent phosphorylation of Nedd1, the Augmin binding component of the ϒ-
TuRC (a role performed by Dgrip71WD in Drosophila (Reschen et al., 2012)), 
results in the formation of a Nedd1-PLK1 complex which is required for PLK1 
phosphorylation of HICE1. Inhibition of either of these phosphorylation events 
stops the localisation of Augmin to microtubules and inhibits Augmin’s function 
(Johumura et al., 2011). In an acentrosomal Xenopus egg extract assay 
system, microtubule formation rates around DNA coated beads were showed to 
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be lower following Augmin depletion. However, an Augmin-independent 
microtubule generation process which becomes increasingly active overtime 
was described, suggesting a mechanism to compensate for the loss of 
microtubules in Augmin depleted conditions (Petry et al., 2011). Surprisingly, a 
major phenotype in this assay following Augmin depletion was spindle multi-
polarity, suggesting that in the absence of centrosomes Augmin is important in 
bipolarity establishment (Petry et al., 2011). This suggestion has also been 
made based on work on the acentrosomal Drosophila oocyte meiotic spindle, 
where Augmin was found to be dispensable for generating the bulk of 
microtubules that form the spindle but was found to be required for spindle 
bipolarity (Colombié et al., 2013). Unlike in other observed spindles, where 
Augmin is seen relatively ubiquitously across the spindle, in the Drosophila 
oocyte spindle Augmin accumulates at the spindle poles from where it amplifies 
fresh microtubules that are required for chromosome congression. Additionally, 
the Augmin-microtubule attachment appears to be less transient in the system 
than in many others, a process in part regulated by Ncd and the female meiotic 
ϒ-Tubulin variant ϒ-Tubulin 37C (Colombié et al., 2013).  Work published 
during the composition of this thesis, using Xenopus egg extracts, also directly 
demonstrated Augmin-dependent microtubule branching. Although Augmin was 
not directly imaged at the branching site, branching was not seen when Augmin 
was depleted (Petry et al., 2013). This provided an important insight into the 
nature of the branching, revealing that it predominantly occurs in the middle of a 
pre-existing microtubule and that the newly formed daughter microtubule almost 
always shares the same polarity as the mother microtubule upon which the 
branching is occurring; at angles of between 0-30° to the original microtubule 
(Petry et al., 2013). Interestingly, increased levels of Ran and TPX2 were both 
58 
 
shown to promote microtubule branching in an as of yet unexplained manner, 
although the significance or ubiquity outside of the egg extract system of this 
finding yet to be explored (Petry et al., 2013). A similar study, in this case 
examining Human U2OS cells in metaphase in the presence or absence of 
Augmin using electron tomography on multiple slices of a single cell which are 
subsequently projected together, revealed the presence of the previously 
observed branching site in vivo; branching sites that are significantly reduced in 
the absence of Augmin (Kamasaki et al., 2013). A rod shaped structure was 
seen at some of these branching sites, but there is no direct evidence that this 
structure is Augmin. Again these new daughter microtubules were seen largely 
in parallel with the original mother microtubule (Kamasaki et al., 2013).  
The existence of γ-Tubulin dependent microtubule branching from interphase 
cortical microtubules during interphase had previously been identified (Murata 
et al., 2005), however the existence of an Augmin like structure in higher plants 
has only recently been demonstrated. Following the release of the Human 
Augmin component sequences, a homologue to HAUS3 was identified in 
Arabidopsis, known as AUG3 (Ho et al., 2011). Generation of an aug3 mutant 
resulted in failures in gametogenesis, highly disorganised spindles, unfocused 
poles, half spindles and elongated spindles. Additionally, disorganised 
phragmoplast arrays resulting in abortive cytokinesis were observed, while 
AUG3 was shown to have the same spindle localisation dynamics on the 
spindle as γ-Tubulin. Interestingly, affinity chromatography identified AUG1 as 
an AUG3 interacting protein that exhibits the same mitotic localisation (Ho et al., 
2011). Subsequent work by the same group revealed the composition of the 
entire plant Augmin complex, with the AUG 1-6 proteins all sharing low 
sequence homology with metazoan Augmin components, while AUG 7 and 8 
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only shared homology with plant proteins (Hotta et al., 2012). Inducible RNAi of 
Augmin in the Physcomitrella moss emphasised the importance of Augmin in 
phragmoplast formation (Nakaoka et al., 2012).  
Despite the growing levels of research into Augmin published during the course 
of this thesis, both the exact mode of action of the complex (does it bring the γ-
TuRC to pre-existing microtubules, from where fresh microtubules are 
generated, or does it recruit cytoplasmic γ-TuRC bound microtubules and bring 
them to the spindle? (Figure 1.5B)) and importance of Augmin mediated 
microtubule dependent microtubule amplification in spindle assembly is not 
understood.  
 
1.5  Mitosis in the Drosophila melanogaster syncytial embryo 
Drosophila melanogaster is a common organism in which to study mitosis, 
owing largely to its fast generation time, the variety of well-established genetic 
and cytological techniques, a published genome and a large array of resources 
available within the community. Drosophila syncytial embryos are the perfect 
tool to analyse mitosis, characterised by the uniform monolayer of cortical nuclei 
that divide quickly and synchronously over multiple mitotic cycles within a 
shared cytoplasm. Drosophila oocytes are arrested in the first metaphase of 
meiosis (Ashburner et al., 2005). This arrest is not broken until fertilisation 
occurs, after which only 2 minutes elapse before anaphase I initiation and a 
further 10 until meiosis II initiation. A further 15 minutes later the male and 
female pronuclei fuse together and, following this, eight fast mitotic divisions 
occur synchronously within the yolk of the embryo within the space of an hour. 
At the onset of mitotic cycle nine, pole cells form as these nuclei break 
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symmetry, while other nuclei begin to migrate from the embryonic interior to the 
cortex. This migration is completed at the onset of mitotic cycle ten, with the 
roughly four hundred migrated nuclei continuing to divide for a further three 
cycles before the onset of cell formation (Ashburner et al., 2005). This nuclear 
migration is accompanied by the assembly of arrays of interdigitating 
microtubules that connect nuclei with each other. This array of microtubules is 
blocked by the addition of the microtubule depolymerising agent colchicine, 
suggesting that the nuclei migrate in a microtubule dependent manner (Sullivan 
& Theurkauf, 1995). Once at the cortex, nuclei spacing is controlled largely by 
the actin cytoskeleton, with an interaction between Actin caps “above” the 
nucleus and astral microtubules mediated by Dynein attachment regulating 
spacing during interphase (Sommi et al., 2011). Actin based mitotic furrows, 
which form around the periphery of the nucleus, control spacing between nuclei 
(Sullivan & Theurkauf, 1995). It is telling that, upon Actin disruption by 
Cytochalasin B, nuclei spacing is severely disrupted, with spindles often fusing 
together or sharing poles. All mitoses in the thirteen syncytial divisions are 
almost entirely the result of maternally contributed gene products (Glover, 1991; 
Ali-Murthy et al., 2013), with Cdc2 mediated mitotic initiation as well as the 
endoplasmic reticulum originating calcium signals required for mitotic initiation 
occurring across the shared cytoplasm of the embryo, resulting in the 
synchronicity of the embryonic mitosis (Glover., 1991; Parry et al., 2005).  
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1.6  Key questions regarding mitotic spindle formation 
As has been discussed, there exist multiple mechanisms to generate the 
microtubules that form the mitotic spindle. However, how these distinct 
mechanisms (centrosomes, chromatin-mediated microtubule nucleation, 
acentrosomal microtubule generation and Augmin-dependent microtubule 
nucleation) (Figure 1.6A-E) coexist and are co-ordinated within a single cell is 
poorly understood.  
This thesis will address these questions using the Drosophila syncytial embryo 
as a single cell type in which to study these multiple mechanisms. First the 
existence and role of SAFs within this system will be explored, especially in 
relation to chromatin mediated microtubule nucleation, a microtubule generating 
pathway previously not described in this system. Then, the roles of Augmin and 
cytoplasmically generated microtubules in spindle formation will be examined, 
before finally looking at how and if these spindle assembly mechanisms can 
compensate following the reduced activity of another. This thesis will 
demonstrate the existence of a Drosophila TPX2 homologue and characterise 
D-HURP, another Drosophila SAF, as a mediator of microtubule nucleation in 
the vicinity of chromatin following microtubule depolymerisation by cold 
treatment. Augmin will additionally been demonstrated to be required for this 
process as well as microtubule nucleation from cytoplasmic aMTOCs. As well 
as demonstrating the existence of multiple spindle assembly mechanisms within 
this single system, evidence of increased pathway nucleation in compensation 
for the perturbation of another will also be shown.  
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Figure 1.6 Multiple pathways contribute microtubules to the mitotic spindle 
(A) Astral microtubules search-and capture kinetochores, a process enhanced at least 
in some systems by a Ran-GTP gradient around chromatin that increases the stability 
and growth of microtubules within this area. (B) Chromatin mediated microtubule 
nucleation, a process largely dependent upon Ran-GTP which releases spindle 
assembly factors that result in the nucleation on microtubules in this region. (C) 
Nucleation of microtubules within the cytosol, from the nuclear envelope and from 
acentrosomal microtubule organising centres. These forms of mitotic microtubule 
generation are more prevalent in acentrosomal systems, where often novel structures 
or mechanisms exist to generate microtubules. (D) Augmin mediated microtubule 
dependant microtubule amplification. The Augmin complex recruits the microtubule 
nucleating ϒ-TuRC complex to pre-existing microtubules, with the resulting fresh 
microtubules incorporated into the spindle. (E) All described mechanisms of 
microtubule generation together. These microtubules from multiple sources will 
become incorporated into a bipolar spindle.  
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Chapter 2: 
Methods and Materials 
 
2.1 Fly Stocks 
Mutant lines 
The d-tpx2 line, ymei-381w/y[+]Y/C(1)DX, was a gift from Kim McKim, (Wu et 
al., 2008) and was kept as a homozygous stock. EP(2)2477 (marsp), the d-hurp 
hypomorphic line, was a gift from Daimark Bennett, (Tan et al., 2008) and was 
maintained over the CyO balancer chromosome, while the null d-hurp line 
Df(2R)CX1 (mars1) was a gift from Andreas Wodarz (Zhang et al., 2009) and 
was kept over the Cyo [twi::GFP] balancer chromosome. The centrosomin line, 
cnnhk21, was obtained from Bloomington Stock Center, Indiana, USA, while the 
cnnmfs7 line was a gift from Jordan Raff, (Lucas & Raff, 2007). Both lines were 
kept over the CyO balancer chromosome.  
 
Fluorescent transgenes 
Fluorescent transgenes used were: α-Tubulin-GFP and Histone-H2B-GFP 
(Bloomington Stock Center), EB1-GFP and γ-Tubulin-GFP (gifts from Sharyn 
Endow, (Liang et al., 2009; Hallen et al., 2008)), Rod-GFP (a gift from Roger 
Karess), Msd1-GFP (Wainman et al., 2009), GFP-D-HURP (pUASP-GFP-Mars)  
(a gift from Daimark Bennett (Tan et al., 2008)) and GFP-D-TPX2. Expression 
of Msd1-GFP, GFP-D-HURP and GFP-D-TPX2 was driven using Maternal-α-
Tubulin VP16 GAL4 (Bloomington Stock Center). α-Tubulin-GFP and Histone-
H2B-GFP were both ubiquitously expressed under the ubiquitin promoter (pUb). 
EB1-GFP and γ-Tubulin-GFP were both expressed under the ncd promoter. 
Rod-GFP was expressed under its endogenous promoter in a rod null 
background.  
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Fly maintenance 
Fly stocks were maintained in flour and yeast-based medium (7.42% yeast, 
5.94% glucose, 3.71% flour, 0.82% agar, 0.45% propionic acid w/v, 0.03% 
nipagin). 
Embryos were collected on apple juice agar plates containing 1.2% sucrose, 
2% agar and 25% apple juice. All bottles, vials and other fly maintenance 
products were purchased from Flystuff (USA).  
 
2.2 Cloning and sequence analysis 
d-tpx2 cloning 
d-tpx2 was cloned using 2μM of CACCATGGACAACGCAAGCTCAA as the 
forward primer and 2μM of AGGGCTACTAGATTTAGTCTas the reverse primer 
from full length gold clone cDNA LD24540 (Drosophila Genomics Resource 
Center, Indiana, USA) using Phusion® DNA polymerase (New England Biolabs, 
USA) with an annealing temperature of 53ͼC for 30 seconds and extension time 
of 30 seconds at 72ͼC. The CACC on the 5’ end of the forward primer makes 
the PCR product compatible for Gateway™ cloning (Invitrogen, USA). The 
cloned d-tpx2 was inserted into pENTR vector using the pENTR™/D-TOPO® 
cloning kit (Invitrogen, USA) using a 1:1 ratio of PCR product to TOPO vector 
mix and subsequently transformed into One Shot® Top 10 competent E. coli 
(Life Technologies, USA). pENTR-d-tpx2 plasmids were harvested 5 ml 
bacterial cultures formed from single bacterial colonies grown on LB ampicillin 
plates using  a QIAprep Spin Miniprep Kit (Qiagen, Netherlands). Restriction 
digests using either NheI or KpnI and SacII enzymes (New England Biolabs, 
USA) and run by DNA gel electrophoresis on 0.8% gels were performed to 
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select plasmids containing d-tpx2, and sequencing using M13 primers was 
performed to check for mutations (Eurofins MWG, Germany). To generate GFP-
D-TPX2 flies, LR Clonase II™ (Invirtogen, USA) was used to transfer d-tpx2 into 
the mini-white gene containing pPGW vector (Drosophila Genomics Resource 
Center, Indiana, USA), tagging D-TPX2 with EGFP at the N-terminus. The 
plasmid was injected into w1118 embryos by Bestgene, Inc, USA with GFP-D-
TPX2 flies selected based on the presence of the mini-white gene (orange/red 
eye color). For generation of His-D-TPX2, d-tpx2 within the pENTR vector was 
transferred into the pDEST17a vector using an LR Clonase II™ reaction, 
tagging D-TPX2 at the N-terminal with a polyhistidine-tag with expression under 
an Isopropyl β-D-1-thiogalactopyranoside (IPTG) inducible T7 promoter. 
 
d-hurp cloning 
As with d-tpx2, d-hurp was cloned using the Gateway® cloning system. d-hurp 
was cloned from the RE29777 gold clone of full length d-hurp cDNA 1 μM of the 
forward primer CACCATGCAGCGCCACAAGGAAC and 1 μM of the reverse 
primer CTACATAAACTCGGAGGAGG with an annealing temperature of 53ͼC 
for 30 seconds and an extension time of 2 minutes at 72ͼC for 35 cycles. 
Following bacterial transformation and harvesting as described for d-tpx2 
cloning, HindIII digestion was used to assay for correct plasmid size and M13 
primers used for sequencing. To generate recombinant D-HURP, the clone 
within the pENTR vector was transferred into a gateway compatible pMal vector 
(pMAL-c2x/DEST (a gift from Jason Carlyon (Huang et al., 2010))), tagging D-
HURP at the N-terminus with Maltose Binding Protein (MBP). As with the 
pDEST17a vector, here mbp-d-hurp is under an IPTG inducible T7 promoter.  
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Fly sequencing 
To extract DNA from individual flies, flies were isolated and flash frozen in liquid 
nitrogen, and then homogenized in 300 μl of a buffer containing 100 mM Tris-
HCL (pH 9.0), 100 mM EDTA and 1% SDS. The homogenate was incubated at 
70°C for 30 minutes. Proteins were precipitated from the sample by adding 67.2 
μl potassium acetate with incubation at 4 °C for 30 minutes. Proteins and other 
debris were pelleted out of the homogenate by two centrifugations at 13,000 
rom for 10 minutes.  DNA was precipitated by the addition of 150 μl isopropanol 
to the precipitate and a 13,000 rpm centrifugation for 15 minutes. The DNA 
pellet was washed twice with ethanol and air dried before being resuspended in 
Milli-Q filtered H2O. To test for the presence of the d-tpx2 mutation primers were 
designed upstream (CGTTCAGGACCGCAGACGCA) and downstream 
(TGGGGGTGACCACTCCAGGC) of the deleted sections, with a PCR of d-tpx2 
lines resulting in a 2 Kbp band as opposed to a wildtype 2.8 Kbp band. PCR 
was performed with taq DNA polymerase, 0.8 μM of each primer and 1 mM 
MgCl2 to increase taq activity with an annealing temperature of 58°C for 20 
seconds followed by an extension time of 3.5 minutes at 68°C for 30 cycles. 
DNA was run on 0.8% agarose gels by gel electrophoresis and visualized by 
ethidium bromide staining.   
 
Sequence analysis 
ApE was used for sequence alignment and plasmid analysis (Wayne Davis, 
University of Utah). ClustalW2 was used for multiple sequence analysis of 
known TPX2 homolgoues (Larkin et al., 2007; Goujon et al., 2010). The Basic 
Local Alignment Search Tool (BLAST) was used to attempt to identify 
Drosophila TPX2 homologues (NIH, USA). The SIM local similarity program 
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was used to identify regions of similarity between D-TPX2 and TPX2 (and other 
known TPX2 homologues) (Huang and Miller, 1991). COILs (Lupas et al., 1991) 
was used to predict coiled coiled domains in D-TPX2, H-TPX2, D-HURP and H-
HURP while BLAST was used to identify conserved domain within the proteins.  
 
2.3 Expression and purification of recombinant proteins 
 
His-D-TPX2 and MBP-D-HURP expression and purification 
Constructs were transformed into BL21 cells (Invitrogen) and induced using 
1mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) at 37°C for 4 hrs (6xHis-D-
TPX2) or 22 °C for 2 hours (MBP-D-HURP).  Cell pellets were resuspended in 
C buffer (50 mM HEPES at pH7.4, 50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 0.1% 
NP-40, 1 mM PMSF, Protease Inhibitor Cocktail (Roche, Germany)), lysed by 
sonication, and incubated with Ni Sepharose™ Fast flow beads (GE 
Healthcare, USA) (6xHis-D-TPX2), or amylose resin (New England Biolabs, 
USA) (MBP-D-HURP) overnight at 4°C prior to washing, and elution with C 
buffer containing 100 mM Imidazole or 10 mM Maltose. Purified proteins were 
clarified at 100,000 g for 30 min and concentrated using a 100 kDa Amicon® 
Ultra centrifugal filer (Millipore, USA) for 10 min at 4°C to remove degraded 
protein. 
 
RanT24N expression and purification 
The GST-RanT24N construct was a gift from A. Wilde and was produced as 
described previously (Wilde & Zheng, 1999; Silverman-Gavrila & Wilde, 2006). 
Briefly, BL21 cells (Invitrogen, USA) were transformed with the plasmid and 
induced using 1mM IPTG at 30 °C for 5 hours. Cell pellets were resuspended in 
69 
 
C buffer, lysed by sonication, and incubated with glutathione sepharose® 4B 
beads (GE Healthcare, USA). Protein was eluted with 0.1 M glycine pH 2.3 and 
neutralized with Tris 2 M pH8.2 before being loaded with GTP (Sigma, USA) 
and dialyzed into injection buffer (100 mM HEPES pH 7.4 and 50 mM KCL).  
 
2.4 Protein assays and analysis 
 
Protein Analysis 
Proteins were analysed using SDS-polyacrylamide gels (SDS-PAGE), 
coomassie staining and western blotting. All SDS-PAGE were made at 8% 
acrylamide and run at 150 V. Coomassie staining was performed with 
coomassie R250 brilliant blue (Sigma, USA) and gels were dried in cellophane. 
For western blotting, gels were transferred onto Polyvinylidene fluoride (PVDF) 
membranes, blocked with 5% milk in PBST with primary staining with α-Aurora 
A at 1:1000, α-GFP at 1:500 and α-Tubulin DM1A clone (Sigma, USA) in block 
for 2 hours at room temperature, with secondary antibodies of α-Mouse-or α-
Rabbit antibodies conjugated to HRP. SuperSignal West Pico 
Chemiluminescent Substrate was used as ECL reagent and CL-XPosure Film 
was used for signal detection (Pierce, USA). 
 
Microtubule cosedimentation assay 
For the microtubule cosedimentation assay, 62.5 μg of tubulin (Cytoskeleton, 
Inc, USA) was added to 100 μl C buffer containing 100 μg protein (His-D-TPX2, 
MBP-D-HURP or MBP) and 1 mM GTP then incubated for 10 minutes at 37°C. 
Samples were divided, with 50 μl placed on ice and 50 μl incubated with 25 μM 
taxol for 20 minutes at 37°C. Samples were centrifuged through a 40% glycerol 
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cushion in C buffer at 100,000 g for 40 minutes at 4°C to pellet microtubules 
and their associated MAPs, with free tubulin proteins that do not associate with 
microtubules.  
 
Microtubule stability assay 
The microtubule stability assay was performed using 50 μl C buffer containing 
62.5 μg tubulin, pure protein (MBP at 2 mg/ml, His-D-TPX2 at 2 mg/ml or MBP-
D-HURP at 10 mg/ml) and 1mM GTP, incubated at 37°C for 25 minutes. MTs 
were pelleted through a 40% glycerol cushion in C buffer at 100,000g for 40 
minutes at 25°C.  
 
Embryo Extract 
0-3 hour old Embryos from GFP-D-HURP or GFP-D-TPX2 expressing flies were 
collected and dechorionated using bleach. They were subsequently washed 
with PBS and flash frozen in liquid nitrogen before being stored at -80°C in 
batches. To make embryo extract, 2 g of embryos were homogenized in 3 ml C 
buffer and centrifuged to remove debris at 15,000 g for 10 minutes. The extract 
was then clarified with two centrifugations at 100,000 g, one for 45 minutes, the 
other for 15 minutes.  
 
D-TPX2-Aurora A immunoprecipitation and D-HURP mass spectrometry 
To immunoprecipitate proteins, GFP-D-TPX2 or GFP-D-HURP embryo extract 
was incubated with 30 μl of GFP-TRAP-A bead slurry (Chromotek, Germany) in 
C buffer for 2 hours at 4°C with rotation. Beads were washed 5 x in 1 ml C 
buffer and frozen in liquid nitrogen. To test for a GFP-D-TPX2 association with 
Aurora A, embryo extract, embryo extract following incubation with GFP-TRAP-
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A beads and GFP-TRAP-A beads boiled in 1X Laemmli buffer were run on 
polyacrylamide gels and transferred onto blots which were stained with α-GFP 
antibody (Thermo Scientific, USA) and α-Aurora A antibody (a gift from Jordan 
Raff). GFP-D-TPX2 and GFP-D-HURP bounds beads were processed by the 
Bristol Proteomics Facility using Orbitrap nano-LC MSMS. D-TPX2 was not 
identified by mass spec. Identified proteins within the GFP-D-HURP samples 
were cross-referenced against pre-existing non-specific (false-positive) proteins 
identified from 3 control experiments from embryos expressing different GFP-
fusion proteins in which the bait protein was not precipitated (i.e. negative 
controls). 
 
2.5 Antibodies 
 
α-Spd2, α-CNN, α-D-TACC and α-Msps antibodies were all gifts from Jordan 
Raff (Dix & Raff, 2007; Conduit et al., 2010; Lee et al., 2001; Basto et al., 2007). 
α-D-HURP was a gift from Daimark Bennett, (Tan et al., 2008). Monoclonal 
clone DM1A α-Tubulin antibody was against tubulin (Sigma, USA). In staining of 
methanol fixed samples, all primary antibodies were used at a concentration of 
1:1000 in a block solution containing 3% Bovine Serum Albumen (BSA) 
(Sigma). Secondary Alexa Floura® 488 α-mouse and Alexa Floura® 546 α-rabbit 
were both used at 1:1000 for staining of fixed samples (Life Technologies, 
USA). For antibody injection in embryos, the anti-DSpd-2 and anti-Dgt6 
antibodies were suspended in injection buffer (100 mM HEPES, pH 7.4, and 50 
mM KCl), centrifuged at 13,500 g for 20 min, and injected at a concentration of 
either 6 mg/ml (anti-Dgt6 or anti-DSpd-2, high concentration) or 1 mg/ml (anti-
DSpd-2, low concentration). 
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2.6 Microscopy  
 
Imaging of fixed samples 
0-3 hour embryos were harvested and washed in deionized H2O with 0.05% 
Triton X100 (Sigma, USA) before being dechorionated with bleach. 
Dechorionated and washed embryos were then passed through the interface of 
50% methanol and 50% heptane for 2 minutes and then suspended in pure 
methanol. Staining of embryos (which had been permeabilized with PBS and 
0.05% triton) with primary antibodies was performed overnight at 4 °C and 
secondary staining performed for 2 hours at room temperature. DNA was 
stained for 10 minutes following secondary antibody staining with Hoescht 
33342 (Life Technologies, USA). Stained embryos were mounted on a coverslip 
containing 40 μl mounting medium (0.375% N-propylgallate (Sigma, USA)) and 
80% glycerol). Imaging of fixed samples was performed on a Zeiss 510 Meta 
confocal microscope with blue diode, argon/2 and HeNe lasers using LSM 
software. All imaging was performed using an oil 63x objective with an NA of 
1.4. Z stacks were taken at 0.856 μM apart for optimal section thickness with 
the pinhole at 1 A.U. Scanning was uni-directional with speeds of roughly 2 
seconds per frame, with a resolution of 1080 x 1080 pixels.  
 
Imaging of live samples 
Live imaging was performed on a Visitron Systems Olympus IX81 microscope 
with a CSO-X1 spinning disk using a UPlanS APO 1.3 NA (Olympus) 60X 
objective. 1-2 hr old embryos were manually dechorionated, aligned in heptane 
glue on 22x50 mm cover slips and covered with Halocarbon oil (Sigma). 
73 
 
Imaging was performed with 400 ms exposure per slice, with 5 slices per stack 
and a constant room temperature of 22°C.  
 
Embryonic antibody injection 
Embryos were injected using an Eppendorf Inject Man NI 2 and Femtotips® II 
needles (Eppendorf). The anti-DSpd-2 and anti-Dgt6 antibodies were 
suspended in injection buffer (100mM HEPES at pH7.4 and 50mM KCl), 
centrifuged at 13,500 g for 20 min and injected at a concentration of either 6 
mg/ml (anti-Dgt6 or anti-DSpd-2, high concentration) or 1 mg/ml (anti-DSpd-2, 
low concentration).  
 
Embryonic cold treatment 
For cold treatment assays, single 1-2 hour old embryos were placed on 
22x22mm cover slips and imaged until metaphase was reached, at which point 
they were placed in 50mm ice cold petri dishes and covered with 4°C 
Halocarbon oil. Following 90 minutes on ice, embryos were imaged, with 30 
seconds typically expiring between removal from 4°C and the initiation of 
imaging. In some cases, embryos were removed following 75 minutes on ice, 
injected with antibody, and then placed on ice for another 15 minutes prior to 
imaging.  
 
2.7 Image Processing and Analysis 
 
Image processing and analysis was performed using FIJI. Fluorescence loss 
caused by bleaching was corrected using the Bleach Corrector macro (Kota 
Miura, European Molecular Biology Laboratory). Each experimental condition 
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was undertaken on at least three independent occasions, showing qualitatively 
similar results. All measurements and analyses were performed on time 
courses with maximum projected z stacks. All data analyses were performed on 
Excel (Microsoft, USA). 
 
Kymographs 
Representative kymographs were produced by aligning time courses of 
individual spindles based on centrosome position using StackReg registration, 
then using the Multi Kymograph plugin (Jens Rietdorf and Arne Seitz, European 
Molecular Biology Laboratory) to create a kymograph along a ROI drawn from 
centrosome to centrosome. 
 
EB1-GFP comet directionality 
The directionality of EB1-GFP comets emanating from the centre of the spindle 
in cold-treated embryos was tracked using FIJI’s Manual Tracking plug-in, with 
the original coordinates of the comet normalized to 0,0. All spindles were 
rotated so that centrosomes lay on the x axis. Measurements were taken using 
ten spindles in total from three embryos. A χ2 analysis was undertaken to 
assess correlations in the distribution of the comet directions (p = 0.874).  
 
Spindle length comparison 
Spindle length comparisons between cycling control, d-tpx2, and d-hurpp 
embryos were undertaken by manually drawing a line from the center of each 
pair of centrosomes 10 s prior to onset of anaphase. At least five embryos from 
each condition were measured, with at least ten spindles measured per embryo. 
The p-values were determined by pooling the spindle lengths from individual 
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line. All p-values are between control and d-tpx2 and d-hurpp mutant embryos. 
SD was determined using the pooled spindle lengths, while SEM was 
determined using the total number of embryos measured. 
 
Astral microtubule nucleation rates 
To compare astral MT nucleation in control embryos, α-DSpd-2-injected 
embryos, d-hurp embryos, and embryos injected with α-Dgt6 antibody, the 
relative centrosomal fluorescence for a specific time point was ascertained by 
subtracting the fluorescence of a circular region of interest (ROI) with a 1.5 mm 
radius from that of a circular ROI with a 3 mm radius (the center of both ROIs 
being the centrosome center), with this value divided by the mean length of 
EB1-GFP comet lengths for the time point in question. Centrosomes from three 
embryos were measured for each condition, with 22 (±8) centrosomes counted 
for each condition. At least 25 measurements for EB1-GFP comet length were 
taken for each time point for each embryo, with the mean comet length 
calculated for each embryo. Centrosomal fluorescence was divided by the 
mean comet length per embryo and SEM calculated, based on the number of 
centrosomes.  
 
Measurements of chromatin mediated microtubule nucleation rates 
To compare chromatin-mediated MT nucleation between control and anti- 
DSpd-2-injected cold-treated embryos, an ROI was drawn around the area of 
chromatin-mediated MT nucleation at 30 s following cold recovery, and the 
fluorescence was measured and tracked back to the first time-lapse frame. 
These data sets were normalized against internal background (normalized 
fluorescence = fluorescence of ROI - [background fluorescence x size of ROI]). 
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EB1-GFP comet velocity was measured using Fiji’s Manual Tracking plug-in. 
EB1-GFP comet length was measured by drawing an ROI line from the visible 
ends of comets within the first 10 s following cold treatment in cold recovery 
samples and within the first 10 s of internuclear MT influx following NEB in 
cycling samples. The number of comets measured for both length and velocity 
for each sample was between 250 and 1,110, with comets from at least three 
embryos measured for each condition. The SD and confidence values were 
determined using n as the number of comets measured, while the p value was 
determined by pooling comet measurements from a single condition together 
from multiple embryos.  
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Chapter 3: 
 
D-TPX2 (Mei-38/Ssp1) is a Drosophila homologue of the vertebrate spindle 
assembly factor TPX2 
3.1 Introduction 
As previously discussed, TPX2 is a key spindle assembly factor in vertebrates. 
It has been implicated in the RanGTP dependent nucleation of microtubules in 
the vicinity of chromatin (Gruss et al., 2002) and the kinetochores (Tulu et al., 
2006), following the release from its Importin carriers by the RCC1 generated 
RanGTP gradient around chromosomes. These TPX2 nucleated microtubule 
“seeds” are subsequently elongated and sorted, potentially into K-fibers or 
chromatin attached microtubules (Rieder, 2005).   
TPX2 is also responsible for Aurora A activation (or more accurately protection 
against dephosphorylation) in vertebrates. Through its attachment to TPX2, 
Aurora A is transported pole wards, where it acts upstream of spindle pole 
organisation factors (Kufer et al., 2002; Ma et al., 2010). Additionally, Aurora A 
also phosphorylates TPX2, although the importance of this phosphorylation is 
not known (Kufer et al., 2002). It is not fully understood whether the RanGTP 
dependent microtubule nucleation by TPX2 is itself dependent on Aurora A 
(Baylis et al., 2003; Brunet et al., 2004; Tsai & Zheng, 2005).  
In vertebrates TPX2 has been shown to be an omnipresent protein with a key 
mitotic role in every cell type examined (Gruss & Vernos, 2004). The first TPX2 
homologue proposed outside of the Chordates was TPX2 like protein 1 (TPXL-
1) in C. elegans, following an RNAi phenotype of spindle collapse (Özlü et al., 
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2005). There is substantial homology between the N-termini of TPX2 and TPXL-
1, and TPXL-1 is required for the activation and localisation of Aurora A in C. 
elegans. By observing situations where microtubules assemble around 
chromatin in C. elegans, such as in the absence of functioning centrosomes 
and in oocytes, TPXL-1 was shown to have no role in chromatin mediated 
microtubule nucleation. As this is perhaps the most important role of TPX2, it is 
fair to say that TPXL-1 is not a true TPX2 ortholog (Karsenti, 2005). This also 
raises the intriguing possibility that in lower metazoans additional proteins may 
be required to fulfil specific roles of vertebrate TPX2.  
As Drosophila is a key model organism shown to produce spindles in the 
absence of centrosomes (Orr-Weaver, 1995; Endow & Hallen, 2011; 
Bonaccorsi et al., 1998; Basto et al., 2006; Lecland et al., 2013; Rebollo et al., 
2004; Wainman et al., 2009), it is surprising that no homologue to TPX2 was 
known at the onset of this PhD. In the acentrosomal Drosophila oocyte, meiotic 
spindle formation occurs through a relatively distinct pathway, with the bulk of 
microtubules nucleated by cajal bodies and then migrating to the chromatin, 
becoming organised into the spindle (Sköld et al., 2005). Therefore it is possible 
that chromatin mediated microtubule nucleation as described in vertebrates 
may not play a large role in forming spindles in these acentrosomal systems, 
although more investigation into this area is needed. In fixed Drosophila larval 
neuroblasts lacking functioning centrioles, there appear to be microtubules 
occupying the same region as the chromosomes in prophase (Basto et al., 
2006), although the source of these microtubule is unknown, and are possibly 
an artefact of centriolar perturbation. Therefore it is unknown exactly how 
microtubules are generated in the absence of centrosomes in many 
experimental systems, and if a vertebrate-like system of chromatin mediated 
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microtubule nucleation exists. Discovering a Drosophila TPX2 homologue could 
be an ideal tool for investigating this pathway.  
The mei-381 allele was first identified in a screen for meiotic mutants of ethyl 
methanesulfonate-treated X chromosomes as exhibiting elevated X 
chromosome non-disjunction (Baker & Carpenter, 1972). A further analysis of 
the meiotic characteristic was performed in 2008 (Wu et al., 2008b). Here mei-
38 meiotic spindles were found to exhibit disorganised chromosomes and 
sometimes formed monopolar spindles. Mei-38 was also seen localising to the 
spindle, predominantly to K-Fibers and the polar regions, a characteristic 
shared with TPX2. The mei-38 phenotype was also described in two RNAi 
screens of Drosophila S2 cells. In one screen, where it was named Short 
Spindle Protein 1 (SSP1), mitotic spindles were statistically shorter and 
exhibited more monopolar spindles than those in non-treated cells (Goshima et 
al., 2007). In the second screen, strong mei-38 (cg14781) phenotypes seen 
included defective spindle poles, short spindles and diplochromosomes, while 
weak phenotypes were defective chromatin congression, hypercontracted 
chromosomes, low frequency of anaphase and monopolar spindles (Somma et 
al., 2008). These tpx2-like phenotypes, and the localisation of Mei-38, identify 
Mei-38 as a potential TPX2 homologue worth investigating.  
 
3.2 The Drosophila protein Mei-38 shares sequentially homology with 
vertebrate TPX2 
The mei-38 gene (CG14781/SSP1, from now on referred to as D-TPX2) is 
located on the X chromosome. At 1336 base pairs (bp) long its coding region is  
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Figure 3.1: The Drosophila protein Mei-38 shares amino acid homology with 
vertebrate TPX2 
(A) CLUSTAL alignment of D-TPX2/Mei-38 region shared with M. musculus, H. 
sapien, G. gallus and X. laevis TPX2. Amino acids conserved between Drosophila and 
at least two other species are highlighted. (B) Schematic representation comparing 
TPX2 and D-TPX2/Mei-38, with the region with the highest degree of conservation 
highlighted in grey. 
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substantially shorter than TPX2, with a human coding sequence measuring 
3685 bp in length.  
TPX2 is a relatively well conserved protein, with 78.74% of amino acids 
conserved between Human and Mouse TPX2 and 54.10% conservation 
between Human and Xenopus as identified by ClustalW2 multiple sequence 
alignment (Larkin et al., 2007; Goujon et al., 2010). To test the hypothesis that 
D-TPX2 is the homologue of TPX2, the protein sequences were aligned. 
Unsurprisingly, considering a Drosophila homologue to TPX2 is not identified 
using BLAST, the similarity is low, with a maximum potential homology of 
14.42%. Using the SIM local similarity program (Huang and Miller, 1991), an 
area of three stretches of sequence close together was found with homology of 
23.9%, 28.1% and 26.1% (Figure 3.1A). This area is highly conserved across 
species and forms part of the TPX2 Importin binding domain (Figure 3.1B). D-
TPX2 does not appear to share sequence homology with any of the other 
domains of TPX2, including the Aurora A binding domain, GVQW domain, 
nuclear localisation sequence or Kinesin 5 binding domain (Blast domain 
search, Marchler-Bauer & Bryant, 2004; Marchler-Bauer et al., 2009; Marchler-
Bauer et al., 2011). There is a predicted coiled coil domain within the D-TPX2 
sequence (COILS, Lupas et al., 1991) but this does not align with either of the 
coiled coil domains of TPX2. Although only a weak homology, it is the highest 
known homology between vertebrate TPX2 and a Drosophila protein, adding 
credence to the idea that D-TPX2 might be the Drosophila TPX2 homologue. 
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3.3 In the absence of D-TPX2 embryonic mitotic spindles are shorter and 
there are some spindle assembly defects. 
A d-tpx2 null line (mei-381) was obtained from Kim McKim (Wu et al., 2008b). 
This line was generated by P-element transposition, resulting in two deletions 
upstream of d-tpx2 (Baker & Carpenter, 1972; Wu et al., 2008b). The larger 
deletion encompasses the start codon and roughly the first 300 bp of the d-tpx2 
gene. To test for the presence of this lesion, a PCR protocol was devised with 
one primer upstream of the second deletion (CGTTCAGGACCGCAGACGCA) 
and the other downstream within the d-tpx2 gene 
(TGGGGGTGACCACTCCAGGC). This results in a wild type band of roughly 
2.9 Kbp and a d-tpx2 band of roughly 2 Kbp (Figure 3.2A).  
The d-tpx2 mutant flies are viable and fertile, with an insignificant drop in 
embryonic hatch rates (8.2% drop, P Value = 0.067). To examine the embryonic 
spindle phenotype of the d-tpx2 line, the flies were crossed with those 
expressing α-Tubulin-GFP for microtubule visualisation or the growing 
microtubule plus end marker EB1-GFP and visualised using confocal 
microscopy (Figure 3.2B-C). Mitosis is successful for the vast majority of 
spindles (Figure 3.2B-C) although there are some defects present such as 
acentrosomal spindles, spindles that have failed to capture all chromosomes 
and nucleus-less centrosomes, a sign of previously failed mitotic divisions 
(Figure 3.2D). Microtubule growth dynamics appear normal, with no visually 
obvious change in the speed of microtubule nucleation, growth directionality or 
source of growth (Figure 3.2C).  The most consistent phenotype observed was 
shorter mitotic spindles (Figure 3.2E), with centrosome-to-centrosome distance 
2.15 μm less than wild type (P Value = 3.23 x 10-5). Short spindles are a classic  
Figure 3.2
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Figure 3.2: d-tpx2 spindles exhibits some defects, most noticeably short 
spindles 
All scale bars are equivalent to 5 µm. (A) Gel electrophoresis of PCR bands amplified 
from genomic DNA of 6 flies (3 male, 3 female). The forward primer sequence used 
was upstream of the mei-381 deletion, while the reverse primer sequence is located 
within the d-tpx2 (mei-38) gene. d-tpx2 DNA exhibits a smaller band. (B-C) Stills from 
time-lapse of d-tpx2 and wt embryos expressing (B) Tubulin-GFP and (C) EB1-GFP. 
Scale bars = 5μm (D) Defective spindle formation in d-tpx2 embryos expressing EB1-
GFP. Examples of defects include (i) barrel shaped spindle that has lost centrosome 
attachment, (ii) monopolar spindle and (iii) centrosome pairs without nuclei, a sign of 
mitotic failure in a previous cycle. (E) Histogram of control (wt) and d-tpx2 spindle 
length across mitotic cycles 10, 11 and 12. Error bars = S.E.M., n= > 40 spindles of 
each generation cycle. **** is equal to p ≤ 0.0001. 
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tpx2 phenotype (Bird & Hyman, 2008), and were also phenotypes of d-tpx2 
RNAi in Drosophila S2 cells (Goshima et al., 2008; Somma et al., 2008).  
 
3.4 The absence of D-TPX2 does not affect the localisation of key spindle 
assembly proteins 
To further investigate the causes of the d-tpx2 phenotype (short mitotic spindles 
and some defects), methanol fixed embryos were stained with antibodies raised 
against various proteins known to have a role in mitotic spindle formation and 
length control.  
Even though TPX2 is important for spindle pole tapering in vertebrates (Bird & 
Hyman, 2008), there is no evidence that TPX2 has any direct interaction with, or 
affects the localisation of, centriolar or PCM components. Time courses of GFP-
Tubulin and EB1-GFP also suggest that centrosomes are not disrupted in the d-
tpx2 mutant (Figure 3.2B-C). A key centriolar protein in Drosophila, responsible 
for recruiting the PCM, is DSPD-2 (Conduit et al., 2010), while the CNN protein 
is important in recruiting the microtubule nucleation complex ϒ-TuRC. As 
expected, neither of these proteins are mislocalised in the absence of D-TPX2 
(Figure 3.3).  
In vertebrates TPX2 is responsible for activating and localising Aurora A to the 
spindle, but not the centrosomes (Kufer et al., 2003). D-TPX2 does not appear 
to have an Aurora A binding domain (Figure 3.1B), so it is unlikely that the 
cause of the d-tpx2 phenotype is due to Aurora (the Drosophila Aurora A 
homologue) mislocalisation. Interestingly, staining against Aurora showed 
localisation almost exclusively to the centrosomes, with only very weak 
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localisation on polar microtubules, in contrast to the strong spindle localisation 
seen in Drosophila S2 cells and mammalian cells (Terada et al., 2003). This 
could be due to fixation issues or a genuinely different localisation pattern in 
Drosophila embryos. This localisation pattern was no different in the d-tpx2 
mutant (Figure 3.3).  
D-TACC and Msps have both been shown to have a role in determining 
Drosophila microtubule or spindle length in an Aurora dependent manner (Giet 
et al., 2002; Goshima and Scholey, 2010). Both proteins displayed a 
centrosomal and spindle localisation in wild type, a localisation that did not 
change in the d-tpx2 line (Figure 3.3). 
D-HURP (Mars) is, like TPX2, a spindle assembly factor. The absence of both 
Drosophila HURP and its vertebrate homologue has been implicated in shorter 
mitotic spindles (Li et al., 2009; Breuer et al., 2010). In wild type embryos, D-
HURP was localised to spindle microtubules, predominantly those of the spindle 
pole, but not to centrosomes. D-HURP localisation was not affected in the d-
tpx2 mutant (Figure 3.3).  
 
 
 
 
 
 
  
mei-38wt
Figure 3.3
  
 
 
 
 
Figure 3.3: The localisation of centriolar and centrosomal proteins, as well as 
the TPX2 target Aurora A, spindle assembly factor D-HURP and MAPs implicated 
in controlling spindle length are unchanged in the absence of D-TPX2 
Immunofluorescence of spindles from methanol fixed metaphase embryos in control 
(wt) and d-tpx2 backgrounds. As well as staining for Tubulin (green) and DNA (blue in 
merged column); CNN, Aurora A, D-Tacc, DSpd-2, Msps and D-HURP were stained 
for (red). All scale bars are equivalent to 5 µm.  
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3.5 GFP-D-TPX2 is nuclear in interphase and localises to the spindle and 
centrosomes in mitosis 
To accurately track the localisation of D-TPX2 live, a transgenic line was 
created containing GFP-tagged D-TPX2. The d-tpx2 ORF was originally cloned 
from the full length cDNA clone RE11134 (DGRC) using PCR primers (see 
Material and Methods). From this entry plasmid d-tpx2 was then transferred into 
the pPGW (DGRC) gateway compatible plasmid with a UAS promoter 
sequence and miniwhite gene, tagging the sequence with eGFP at the N-
terminus. This plasmid was subsequently injected into w1118 Drosophila 
embryos by BestGene Inc. Successful transformants (based in red eye colour 
from the miniwhite gene) were crossed with flies with expressing maternal-α-
tubulin-GAL4 as a means to maternally express GFP-D-TPX2 in embryos. High 
speed supernatant (embryonic cytoplasm with cellular debris removed by 
pelleting via 100,000g centrifugation) (HSS)  of GFP-D-TPX2 expressing 
embryos was run on an SDS-PAGE and western blotted for GFP, revealing a 
65kDa band, the same size as would be predicted for GFP-D-TPX2 (Figure 
3.4A).  
Live imaging of the transgenic line by confocal microscopy revealed a dynamic 
localisation of GFP-D-TPX2. In interphase a strong degree of nuclear 
localisation was observed (Figure 3.4B), a similarity shared with vertebrate 
TPX2 which is imported into the nucleus during interphase before Importins α 
and β are removed by Ran-GTP following NEB (Gruss et al., 2002). Like its 
vertebrate counterparts (Gruss et al., 2002), GFP-D-TPX2 is also centrosomal 
(Figure 3.4B, see arrows). Upon reaching metaphase, GFP-D-TPX2 is 
localised ubiquitously to the mitotic spindle (Figure 3.4B). Whereas vertebrate 
TPX2 becomes increasingly enriched at the poles during this period (Ma et al., 
91 
 
2010), GFP-D-TPX2 does not, instead remaining evenly distributed across the 
spindle (Figure 3.4B). The one exception to this ubiquitous spindle localisation 
is at the metaphase spindle midzone where GFP-D-TPX2 is absent, suggesting 
that it does not localise to interpolar microtubules, a similarity shared with 
vertebrate TPX2 (Ma et al., 2011). In anaphase and telophase, GFP-D-TPX2 is 
found weakly on the centrosomes and central spindle, (Figure 3.4B), with 
vertebrate TPX2 also exhibiting central spindle localisation (Wittmann et al., 
2000).  
The metaphase spindle localisation with midzone exclusion of D-TPX2 in 
Drosophila matches that of D-TPX2 in fixed Drosophila oocytes (Wu et al., 
2008b), while general dynamics appear the same as seen in live Drosophila S2 
cells (Goshima, 2011), with the surprising exception that in S2 cells D-TPX2 is 
not present in the nucleus at interphase. Attempts to fix GFP-D-TPX2 
expressing embryos with methanol or formaldehyde and stain for microtubules 
and DNA were inconclusive as GFP-D-TPX2 localisation to the spindle was not 
observed (data not shown). 
Co-immunoprecipitation was performed using high speed supernatant from 
GFP-D-TPX2 expressing embryos to assess whether GFP-D-TPX2 interacts 
with Aurora, as TPX2 does in vertebrates. Immunoprecipitation was performed 
using GFP-TRAP-A beads (Chromotek). Incubation of the beads depletes GFP-
D-TPX2 from the high speed supernatant (Figure 3.4C), whilst Aurora is not 
depleted. Additionally, when GFP-D-TPX2 is bound to the GFP-Trap beads, no 
Aurora is co-precipitated (Figure 3.4C). This strongly suggests that there is not 
an interaction between D-TPX2 and Aurora in embryos or, at the least, that any 
interactions is  unstable; in contrast to that observed between the homologous 
proteins in vertebrates. 
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Figure 3.4: The transgenic line GFP-D-TPX2 revealsD-TPX2 localisation to the 
spindle in metaphase and nucleus in interphase 
(A) Western blot using α-GFP antibody against high speed embryo extract (HSS) of 
GFP-D-TPX2 expressing line. The band seen matches the predicted size of GFP-D-
TPX2 (65 kDa). (B) Stills from time-lapse of GFP-D-TPX2 expressing embryos. Scale 
bars are equivalent to 5 µm. White arrows point to a pair of centrosomes to highlight 
the centrosomal localisation of GFP-D-TPX2. (C) High speed supernatant of GFP-D-
TPX2 (lane 1) against supernatant incubated with GFP-binding GFP-Trap beads 
(which should have bound all GFP-D-TPX2) (lane 2) and GFP-Trap beads on which 
GFP-D-TPX2 is bound shows that no discernible Aurora A is seen binding to GFP-D-
TPX2 in these conditions.  
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3.6 In vitro, D-TPX2 can bind to and stabilise/nucleate microtubules 
Localisation of GFP-D-TPX2 suggests it is a microtubule associated protein 
during mitosis. To test this, GFP-D-TPX2 embryos were harvested and lysed 
(as were Histone-GFP expressing embryos as a negative control), then 
centrifuged creating a HSS. Microtubules were polymerised by adding taxol and 
GTP to the HSS. This was then centrifuged at 100,000g for 40 minutes through 
a 40% glycerol cushion to separate polymerised microtubules into the pellet and 
unpolymerised tubulin into the supernatant. As a result, any microtubule binding 
proteins (or potentially proteins indirectly bound to microtubules) are found in 
the pellet. Performing a western blot using α-GFP antibodies (SantaCruz) of the 
pellets and supernatants reveals that D-TPX2 is bound, directly or indirectly, to 
microtubules (Figure 3.5A). As a control, 4ͼC HSS without taxol (containing 
very little polymerised tubulin) was centrifuged through glycerol cushion, 
revealing that D-TPX2 is only found in the pellet when in the presence of 
microtubules. The same experiment reveals that GFP is not bound to 
microtubules in either of the samples (Figure 3.5A). 
To test if D-TPX2-microtubule binding is direct, a recombinant protein was 
made. The D-TPX2 CDS in pENTR vector was transferred into a Gateway 
vector (pDest17a), 6xHis-tagging D-TPX2 at the N-terminus. Following 
transformation into BL21 cells, 6xHis-D-TPX2 was expressed and purified 
(Figure 3.5B). 6xHis-D-TPX2 in its purified form was added to purified porcine 
tubulin with GTP and taxol, and then centrifuged through a glycerol cushion. 
6xHis-D-TPX2 was seen in the pellet and not in the 4ͼC minus taxol sample 
(where it remained in the supernatant) when the samples were run on SDS-
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PAGE and stained with coomassie (Figure 3.5C), demonstrating that D-TPX2 
directly binds to microtubules.  
To test whether D-TPX2 preferentially binds to the end of microtubules, 6xHis-
D-TPX2 was added to two samples of taxol stabilised microtubules. One 
sample had been passed through a 24 gauge needle, severing some of the 
microtubules and creating more microtubule ends. By attempting to saturate 
both sets of microtubules with high concentrations of 6xHis-D-TPX2, a larger 
amount of the protein would be seen in the pellet of the sheared microtubule 
sample than the unsheared, meaning said protein preferentially bound 
microtubule ends. However this was not the case, suggesting that D-TPX2 
binds indiscriminately along the length of microtubules (Figure 3.5D). One in 
vitro characteristic of TPX2 in vertebrates is its ability to stabilise and potentially 
even nucleate microtubules (Reider, 2005; Tulu et al, 2006). To test if this is an 
ability of D-TPX2, recombinant protein was added to tubulin and GTP and 
incubated at 37°C before being centrifuged through a glycerol cushion. When 
this is performed with a control protein, around 28.5% (±3.25%) of tubulin goes 
on to form microtubules and is therefore pelleted. This rises to 50.3% (±4.50%) 
in the presence of 6xHis-D-TPX2 at 1 mg/ml (Figure 3.5E), showing that D-
TPX2 can either stabilise or nucleate microtubules in vitro.  
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Figure 3.5: GFP-D-TPX2 is a microtubule associated protein that is able to 
stabilise and bundle microtubules 
(A) Microtubule co-sedimentation assay performed from GFP-D-TPX2 expressing 
embryo extract. Shown is a western blot for tubulin, revealing that microtubules were 
present at a much higher degree in the pellet of the taxol treated sample. Western blot 
against GFP reveals that GFP-D-TPX2 binds to microtubules, whereas GFP alone 
does not. (B) SDS-PAGE coomassie stained showing bacterial cell lysate (i) of 
transfected E. Coli expressing His-D-TPX2 and His-D-TPX2 purified with nickel-NTA 
beads (ii). (C) SDS-PAGE coomassie stained showing tubulin from microtubule co-
sedimentation assay. MBP does not bind to microtubules but His-D-TPX2 does. (D) 
Microtubule end binding assay. (E) Microtubule stability assay. In the presence of His-
D-TPX2, more tubulin is seen in the pellet (P), while in the presence of MBP this is not 
the case. SDS-PAGE stained by coomassie showing that His-D-TPX2 does not bind 
preferentially to microtubule ends. (E) Microtubule stability assay. SDS-PAGE stained 
by coomassie. In the presence of GTP and a control protein (MBP), very little tubulin 
is pelleted through a 40% glycerol cushion, signifying proportionately lower levels of 
microtubules in the sample. In the presence of His-D-TPX2 more microtubules are 
assembled, so more tubulin is found in the pellet.  
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3.7 Discussion 
In vertebrates TPX2 has been demonstrated to be vital for mitotic spindle 
formation (Gruss et al., 2002; Brunet et al., 2004; Gruss & Vernos, 2004). With 
the spindle assembly mechanisms between vertebrates and Drosophila 
exhibiting so many similarities (Duncan & Wakefield, 2011), it stands to reason 
that a TPX2 homologue should exist in Drosophila. In this chapter Mei-38/SSP1 
(D-TPX2) has been identified as a Drosophila TPX2 homologue. 
D-TPX2 shares a low but tangible degree of sequentially conservation with 
vertebrate TPX2. In vertebrates this homology is found within the “TPX2 
domain,” an area associated with the microtubule binding and stabilising 
properties of TPX2 (Brunet et al., 2004). This is highly conserved across 
vertebrates. Interestingly, it has been shown that in other Drosophila proteins, 
sequential homology to vertebrate proteins can be very low; whereas 
structurally many similarities can exist (Przewloka et al, 2009). This could be the 
case with TPX2 and D-TPX2. It is certainly true that D-TPX2 exhibits a greater 
degree of homology with TPX2 than the proposed C. elegans homologue TPXL-
1 (Özlü et al., 2005) and plant TPX2 (Vos et al., 2008), although as previously 
discussed in the introduction, it is probably fair to state that TPXL-1 is not a true 
TPX2 orthologue (Karsenti, 2005). This may also be the case with plant TPX2.  
In contrast to tpx2 phenotypes in vertebrates, where disorganised spindle poles, 
failure to align chromosomes and inability to nucleate microtubules around 
chromosomes or from kinetochores has been observed (Wittmann et al., 2000; 
Gruss et al., 2002; Garrett et al, 2002; Brunet et al., 2004; Tulu et al., 2006; 
Brunet et al., 2008), d-tpx2 embryos exhibit comparatively mild phenotypes. The 
most consistently observed phenotype was short mitotic spindles, which is also 
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a tpx2 phenotype (Bird et al., 2008) and seen in the absence of other spindle 
assembly factors (Goshima & Scholey, 2008). Some spindle assembly defects 
were also apparent, but were infrequent. The failure to organise spindle poles, 
perhaps the most recognisable tpx2 phenotype, was not seen.  
There are a number of potential reasons for the inconsistencies between the 
tpx2 phenotypes in vertebrates and Drosophila. One explanation is that other 
proteins are performing the roles of TPX2. It has previously been proposed that 
Mars (D-HURP, covered in more detail in the next chapter) might be a TPX2 
functional orthologue (Zhang et al., 2009). Another argument however is that 
the Drosophila syncytial embryo is an incredibly efficient mitotic system, and, 
with only four chromosome pairs to align, search and capture from centrosomal 
microtubules under normal conditions may be enough to form a functioning 
bipolar spindle. The consistently shorter mitotic spindles are certainly evidence 
that D-TPX2 is not redundant. The second argument becomes more compelling 
when it is considered that localisation of Aurora in the absence of D-TPX2 is not 
affected. It is worth noting that Aurora A only appeared to be localised to 
centrosomes in Drosophila embryos whereas it is also localised to polar 
microtubules in vertebrates, a localisation dependent on TPX2 (Kufer et al., 
2002). Previously, Aurora has been shown to weakly localise to spindle 
microtubules in the vicinity of the poles in Drosophila tissue culture cells (Giet et 
al., 2002), so it is possible that the general lack of polar microtubule localisation 
in embryos is due to failings of the fixation protocol or the antibody. The 
localisation of Msps and D-TACC however are dependent on Aurora (Giet et al., 
2002), and their localisation also appears unaffected. Additionally, Aurora 
defects in Drosophila (Glover et al., 1995) or Aurora A defects in vertebrates 
(Kufer et al., 2002; Asteriti et al., 2011) result in substantially more severe 
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phenotypes than those seen in d-tpx2, where spindle poles are consistently 
intact.  Finally, immunoprecipitation failed to demonstrate an interaction 
between D-TPX2 and Aurora. This raises the possibility that, as may be the 
case with TPXL-1 in C. elegans, two proteins in Drosophila are filling the one 
role of TPX2 in vertebrates. In this case, D-TPX2 would be expected to have 
some role in chromatin mediated microtubule nucleation or microtubule 
stabilisation, while another protein would be expected to activate and localise 
Aurora A, as is the case with TPXL-1. Finding the Drosophila TPXL-1 
orthologue would be an interesting route to investigate. It is also possible that in 
Drosophila embryos Aurora can fulfil its kinase role from centrosomes alone, 
and may not require protection from PP6 dephosphorylation - a role prescribed 
to vertebrate TPX2 (Bayliss et al., 2006; Zeng et al., 2010). In vertebrates the 
spindle pole focusing defects seen in tpx2 lines is the result of Aurora A 
mislocalisation, so it is not surprising that with no interaction between D-TPX2 
and Aurora A there is therefore no Aurora A mislocalisation and as a result the 
d-tpx2 phenotype does not include spindle pole defects (Kufer et al., 2002; Ma 
et al., 2010, Xu et al, 2011). 
Unsurprisingly, centrosomal and centiolar protein localisation appears to be 
unperturbed in d-tpx2 embryos. Perhaps more striking is absence of any 
change to D-HURP (Mars) localisation. D-HURP has previously been implicated 
in the organisation of K-fibers, where it localises. That D-HURP density on the 
spindle is unchanged suggests that, once metaphase is reached, there is also 
no change in the density of K-fibers. This also shows that the short spindles are 
not caused by mislocalisation of D-HURP. 
Further analysis of D-TPX2 revealed a number of other similarities with TPX2. 
Importantly it shares a very similar localisation pattern to TPX2, with the only 
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major difference being a lack of distinct polar accumulation (a possible reason 
for the lack of association between D-TPX2 and Aurora). Like TPX2, D-TPX2 is 
also a MAP, perhaps not surprisingly so based on its spindle localisation. More 
significant however is the ability of D-TPX2 to stabilise, or even potentially 
nucleate microtubule in vitro. Along with the ability to bundle microtubules in 
vitro (Goshima, 2011), these features demonstrate the potential for D-TPX2 to 
be classed as a spindle assembly factor. As TPX2 is the vertebrate spindle 
assembly factor most closely resembling D-TPX2, it is highly likely that they are 
homologues.  
Subsequent to the onset of this PhD and the completion of the majority of this 
work, the link between TPX2 and D-TPX2 was published in 2011 (Goshima, 
2011). Here, the same conserved region was identified as has been discussed 
in this chapter. In Drosophila S2 tissue culture cells, D-TPX2 localisation was 
observed. In the comparatively less dense S2 spindles it is clear that D-TPX2 
preferentially localises to K-fibers. D-TPX2 was also described as bundling 
microtubules, although no test was done that would have revealed the 
microtubule stabilising/nucleating potential of D-TPX2. d-tpx2 RNAi 
demonstrated the presence of misaligned chromosomes, as described in a 
previous RNAi screen (Somma et al., 2008) and prolonged mitosis in some 
cases, however short spindles were not reported, despite being recorded in two 
previous RNAi screens (Goshima et al, 2007; Somma et al, 2008). Interestingly, 
the conserved domain was shown to be important in binding to microtubules for 
both D-TPX2 and TPX2.  
This study reached similar conclusions to those that have been reached in this 
chapter. Two possible explanations for the limited role played by D-TPX2 were 
given. One reason is that in Drosophila, TPX2 independent mechanisms are 
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enough to form the spindle. This will be investigated further in chapter five and 
six. The other potential explanation is that other spindle assembly factors are 
fulfilling the role of TPX2 in Drosophila. This will be explored further with an 
investigation into D-HURP. 
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Chapter 4: 
 
Drosophila HURP (D-HURP/Mars) is a key mitotic protein sharing a 
number of similarities with D-TPX2 
4.1 Introduction 
As has previously been discussed, HURP (Hepatoma up-regulated protein), like 
TPX2, is a Ran-GTP dependent protein associated with K-fiber formation, 
microtubule stabilisation and chromosome congresion during mitosis (Wilde, 
2006; Silljé et al., 2006; Sanderson & Clarke, 2006; Torosantucci et al., 2008). 
While similar in function, HURP and TPX2 have been shown to have non-
redundant functions essential for chromatin-induced microtubule assembly 
(Casanova et al., 2008).  
D-HURP (Mars) has been identified as the Drosophila homolog to HURP, 
sharing 32% identity and 53% similarity in the guanylate kinase-associated 
protein (GKAP) motif (Yang et al., 2005; Figure 4.1). Over-expression but not 
down-regulation of D-HURP in Drosophila eye discs results in a higher mitotic 
index with misalignment of chromosomes and mispositioning of centrosomes 
during the second mitotic wave. Additionally, D-HURP is cell cycle regulated 
and only present during mitosis, with its subsequent degradation dependent on 
its N-terminus (Yang et al., 2005). In Drosophila S2 tissue culture cells D-HURP 
localises almost exclusively to kinetochore microtubules and binds to 
microtubules in the presence of embryo extract. Additionally, RNAi of d-hurp 
results in uncongressed chromosomes and a delay in mitotic progression, while 
cold treatment of these transfected cells results in an inability to re-form 
kinetochore microtubules (Yang & Fan, 2008). The localisation of D-HURP,  
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Figure 4.1: D-HURP (Mars) is the Drosophila homologue of vertebrate 
Hepatoma up-regulated protein (HURP)   
Schematic representation comparing features of HURP and D-HURP.  
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where it binds to spindle microtubules but not centrosomes or asters, is N-
terminal dependent (Zhang et al., 2009). The creation of a d-hurp mutant (d-
hurp91/mars91), with the excision of 531bp including the start codon, results in 
very abnormal spindles in early embryogenesis, with frequent detachment of 
centrosomes. Despite this, the flies are not sterile (but are grandchildless). This 
is in contrast to another d-hurp null mutant (d-hurp1/mars1) in which embryos 
failed to progress further than the 5th mitotic cycle (Tan et al., 2008). Whether 
this is down to residual D-HURP function in d-hurp91 or because of differences 
in genetic backgrounds is unclear. Co-immunoprecipitation of D-HURP has 
revealed an interaction with d-TACC and protein phosphatase 1 (PP1), 
suggesting D-HURP has a role in decreasing the levels of phosphorylated d-
TACC on the spindle. When D-HURP levels are reduced in a hypomorphic line 
(d-hurpp/marsp), spindles are shorter and less dense, with a delay in spindle 
formation (Tan et al., 2008). Additionally, D-HURP localises to microtubules 
only in its phosphorylated state (Li et al., 2009). D-HURP is also recorded as a 
positive hit in an RNAi screen of Drosophila S2 tissue culture cells (Somma et 
al., 2008), with RNAi phenotypes including short spindles, low microtubule 
density, weak monopolar spindles and defective spindle poles. 
Despite the more established nature of D-HURP compared to D-TPX2, little is 
known about the exact molecular pathway in which it acts. Additionally, it is of 
interest to ascertain whether D-HURP is compensating for the role of TPX2 in 
Drosophila, making D-TPX2 largely redundant or whether, as in vertebrates, D-
HURP and D-TPX2 are functioning non-redundantly but performing similar 
roles.  
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4.2 Poor mitotic progression rate and pleiotropic effects on spindle 
formation make d-hurp null mutants an unsuitable genotype to study 
To analyse the effects of the absence of D-HURP, a previously described d-
hurp line mars91 (from here on referred to as d-hurp91) was obtained (Zhang et 
al., 2009). This allele has previously been described as viable and fertile, 
although the embryonic hatch rate was low at 9.2% (Zhang et al., 2009). In the 
current study, embryos from d-hurp91 parents expressing EB1-GFP had a hatch 
rate of less than 2% (Figure 4.2A). Immunofluorescence for Tubulin and DNA 
in methanol fixed d-hurp91 embryos revealed numerous mitotic defects (Figure 
4.2B). These include detached metaphase centrosomes; disorganised 
metaphase chromosomes; monopolar spindles; highly abnormal telophase 
spindles with extensive chromosome bridges; independent centrosomes, a sign 
of mitotic failure in previous mitotic cycles and “rosette” spindles, where 
chromosomes are attached via microtubules in a circular manner around a 
central microtubule mass (Figure 4.2B-C). EB1-GFP was crossed into the d-
hurp91 background in the hope of visualising the initial causes of these defects. 
However, of 30 embryos observed, only one reached cycle ten where nuclei 
migrated to the cell cortex. Embryonic spindles cannot be effectively imaged live 
before this migration. Re-examining the fixed embryos (Figure 4.2B) revealed 
that predominantly they are in pre-migration mitotic cycles (although the scale of 
abnormalities makes this difficult to decisively quantify). Therefore, null d-hurp 
mutants are not a suitable means with which to study the role of D-HURP in 
spindle formation.  
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Figure 4.2: A d-hurp null mutant is an unsuitable genotype in which to study 
spindle formation 
All scale bars are equivalent to 5 µm. (A) Bar Chart showing hatch rate percentage of 
embryos laid by wt, homozygous d-hurpp and homozygous d-hurp91 flies. At least 300 
embryos of each genotype were counted. (B) d-hurp91 embryos fixed and stained with 
antibody against Tubulin (green) and Hoescht to stain DNA (blue). Spindle phenotypes 
seen include: detached metaphase centrosomes (i, ii), detached centrosome that have 
clearly duplicated (iii), disorganised metaphase chromosomes (iv, v), monopolar 
spindles (vi), highly abnormal telophase spindles with extensive chromosome bridges 
(vii, viii), independent centrosomes (ix), “rosette” spindles (x), and other general 
abnormalities (xi, xii). (C) Expanded field of view of d-hurp91 embryos. 
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Figure 4.3: Spindle in d-hurp hypomorphic mutant embryos are short, delayed 
in reaching anaphase and frequently lose centrosome attachment 
All scale bars are equivalent to 5 µm. (A) d-hurpp embryos fixed and stained with α-
Tubulin antibody (green), antibodies raised against Cnn (red) and Hoescht for DNA 
(blue). Compared to the null line, spindle morphology appears relatively normal (i), 
although some defects are still seen such as monopolar spindles (ii), centrosome 
detachment (iii) and chromosome bridges (iv). (B) Stills from time lapses of wt or d-
hurpp embryos expressing Tubulin-GFP (green) and Histone-RFP (red). (C) Stills from 
time lapses of wt or d-hurpp embryos expressing EB1-GFP. d-hurpp time lapses 
demonstrate shorter barrel -shaped spindles, centrosome detachment and a wider 
field of view of an embryo. (D) Example of defects seen in d-hurpp embryos expressing 
EB1-GFP including barrel-shaped acentrosomal spindles (i), tripolar spindles (ii) and 
centrosomes that have lost their nucleus (iii). (E) Graph of centrosome to centrosome 
length across multiple cycles in wt and d-hurpp embryos. Only spindles where the 
centrosomes were still attached were measured. Error bars = S.E.M., n= > 40 spindles 
of each generation cycle. **** is equal to p ≤ 0.0001.(F) Timing from NEB (measured 
as the moment microtubules are seen within the nuclear region) to anaphase in wt and 
d-hurpp embryos measured across multiple cycles. Error bars = S.E.M., n= > 40 
spindles of each generation, all from at least 3 embryos. * is equal to p ≤ 0.05, ** is 
equal to p ≤ 0.01. 
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4.3 d-hurp hypomorphic mutant embryos exhibit a short spindle 
phenotype with multiple mitotic defects.  
A hypomorphic d-hurp mutant line (marsp, from here on referred to as d-hurpp), 
which contains a P-element insertion in the 5’ untranslated region of d-hurp 
resulting in substantially lower levels of D-HURP production, was obtained (Tan 
et al., 2008). Immunofluorescence for Tubulin and DNA in fixed d-hurpp 
embryos revealed substantially less defects than the d-hurp null line (Figure 
4.3A). EB1-GFP was crossed into this line, with the line subsequently 
demonstrating around a 50% embryonic hatch rate (Figure 4.2A), similar to that 
reported in the literature (Tan et al., 2008). Embryos from lines expressing 
Tubulin-GFP and Histone-RFP (Figure 4.3B) or EB1-GFP (Figure 4.3C) were 
imaged live using spinning disc confocal microscopy. The phenotype was 
predictably variable (owing to the fact that this is a hypomorphic line, 
presumably with variable levels of D-HURP present in each embryo), with a 
~30% of embryos failing to reach a stage where nuclei migrate to the cortex. 
Additionally, many embryos that progress further exhibit severe defects, with 
large regions displaying spindles with detached centrosomes, multipolar 
spindles, centrosome pairs without attached nuclei, large spindles formed from 
multiple nuclei congressed together and loss of mitotic synchronicity (Figure 
4.3C-D). While interesting, these phenotypes are “general” mitotic defects, most 
likely the result of errors in previous cycles, and tell us little about the actual role 
performed by D-HURP in spindle formation. However, several phenotypes were 
observed which may aid in investigating the function of D-HURP. d-hurpp 
spindles are consistently shorter than their wildtype counterparts (Figure 4.3C, 
E), with centrosome-to-centrosome distance on average 2.15μm less than wild 
type across the three mitotic divisions measured (P Value = 5.64 x 10-5). Short  
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mitotic and meiotic spindles are a phenotype witnessed in hurp lines (Koffa et 
al., 2006; Breuer et al., 2010), d-tpx2 embryos and S2 cells (Chapter 3; 
Goshima et al, 2007; Somma et al., 2008) and tpx2 depleted cells (Bird & 
Hyman, 2008). Another phenotype frequently seen was centrosomal 
detachment, a phenotype previously reported in d-hurp91 embryos (Zhang et al., 
2009; Zhang et al., 2013). Those spindles that lost centrosome attachment 
appear to take longer to form strong microtubule bundles when spindles are 
forming (Figure 4.3C). Of the spindles that progress through mitosis normally 
(the only phenotype being short spindles, not those exhibiting major mitotic 
defects) there is a slight but significant increase in the timing between NEB and 
anaphase initiation (P Value = 0.032) (Figure 4.3F), suggesting a brief 
metaphase arrest caused by delayed spindle assembly checkpoint inactivation, 
potentially the result of delays in successfully building a spindle or aligning 
chromosomes, or a delay in K-fibers inducing tension on kinetochores.  
4.4 D-HURP is a chromosomally associated protein in interphase, 
localising to microtubules following NEB  
GFP-D-HURP was obtained (Tan et al., 2008) and visualised using spinning 
disc confocal microscopy. As previously described, D-HURP presents a highly 
dynamic pattern of localisation. In interphase, D-HURP is nuclear (Figure 4.4A-
C, F). Interestingly this is distinct from the localisation of HURP in vertebrates, 
where it is absent from the nucleus in interphase, being imported into the 
nucleus around the onset of mitosis (Silljé et al., 2006; Koffa et al., 2006). This 
is probably because in vertebrates HURP is degraded in non-mitotic cells (Silljé 
et al., 2006; Song & Rape, 2010) while Drosophila syncytial embryos cycle 
between S and M phase, with no intervening Gap phases. FRAP experiments in 
interphase embryos expressing GFP-D-HURP actually show that the degree of 
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import of D-HURP during interphase is very low, with a proportion of the 
nucleus being bleached directly corresponding to the proportion of fluorescence 
lost across the entire nucleus until mitosis (Figure 4.4D).  
At the onset of prophase, GFP-D-HURP expresses a strong degree of 
localisation to condensing chromosomes (Figure 4.4B, C, F). This association 
quickly ceases following NEB, and GFP-D-HURP localises to the 
centrosomally-derived microtubules flooding the nuclear region (Figure 4.4A-
C). During metaphase, GFP-D-HURP localises to spindle microtubules, as has 
previously been demonstrated (Figure 4.4A, C). In contrast to HURP, which 
accumulates predominantly to microtubules adjacent to chromosomes, GFP-D-
HURP appears to be relatively ubiquitous across the spindle, with a slight 
preference towards the microtubules in the polar regions. In anaphase, GFP-D-
HURP localises to the poles, with some observed on the central spindle. GFP-
D-HURP subsequently re-localises into the assembling new nuclei.  
Dynein has previously been implicated in the movement of D-HURP, although 
this is only ascertained from indirect evidence (Tan et al., 2008). The existence 
of D-HURP minus end streaming (which would probably be Dynein mediated) 
was tested using FRAP. By bleaching certain sections of the metaphase 
spindle, relocalisation of GFP-D-HURP was observed. Recovery occurred 
simultaneously across the bleached area; there appears to be no net movement 
of D-HURP towards or away from the poles (Figure 4.4E), with recovery 
presumably coming from recruitment of cytoplasmic GFP-D-HURP. It should 
also be noted that in this background, where GFP-D-HURP is maternally 
overexpressed, there are a number of mitotic defects observed including 
spindle “collisions” and abnormal spindle shapes. This is possibly a phenotype 
resulting from hyperstabilisation of microtubules by D-HURP. 
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Figure 4.4: D-HURP is a nuclear protein in interphase, associating with 
condensing chromatin and localising to the spindle during mitosis 
All scale bars are equivalent to 5μm. (A-C) Stills from timelapse of GFP-D-HURP 
(green and right hand grey scale image in B and C) alone (A), co-expressing Histone-
RFP (red and left hand greyscale panel) (B) or co-expressing Tubulin-RFP (red and 
left hand greyscale panel) (C). (D) FRAP of nuclei from GFP-D-HURP expressing 
embryos before bleach (i), immediately after bleach (ii) and 30 seconds after bleach 
(iii). Percentage values represent the rough amount of nuclei bleached. Graph shows 
the intensity of each nuclei as a percentage of its pre-bleach intensity over the 60 
second period following the bleach. (E) FRAP of a metaphase spindle in a GFP-D-
HURP embryo. Yellow arrows point to the two areas bleached. These areas do not 
appear to move towards either direction of the spindle, and recover ubiquitously. (F) 
Prophase nuclei from fixed GFP-D-HURP embryo stained with Hoescht for DNA 
(blue), demonstrating the specific localisation of D-HURP to chromatin. 
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Figure 4.5: D-HURP binds to and stabilises microtubules in vitro 
(A) Coomassie stained SDS PAGE of MBP-D-HURP batch elutions from amylose 
resin. BL21 cells expressing MBP-D-HURP were induced for either 2 hours or 4 hours 
at a variety of shown temperatures. (B) SDS-PAGE Coomassie stained, showing 
tubulin from microtubule co-sedimentation assay. MBP does not bind to microtubules 
but MBP-D-HURP does. (C) Microtubule stability assay. In the presence of MBP-D-
HURP, more tubulin is seen in the pellet (P), while in the presence of MBP this is not 
the case. 
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4.5 Recombinant D-HURP can bind to and stabilise microtubule in vitro, 
but is very unstable 
Like HURP, the localisation of D-HURP is spindle based. D-HURP from 
embryos has previously been shown to interact with microtubule in a spin down 
assay (Zhang et al., 2009). To test whether D-HURP binds to microtubules 
directly, a recombinant MBP tagged D-HURP was created (see Material and 
Methods). Originally, d-hurp had been transferred into a pDest17a vector, with a 
6xHis tag. However, the resulting protein transpired to be insoluble (data not 
shown). pMal-c2x-d-hurp was transformed into BL21 cells, and expressed for 4 
hours at 37°C following introduction of IPTG. This resulted in a very low yield of 
full length protein following purification through an amylose resin column 
(Figure 4.5A), so different expression conditions were performed, with a 2 hour 
incubation at 22°C proving to return the highest yield of full length MBP-D-
HURP (Figure 4.5A). There was still a degree of protein degradation apparent, 
so for all experiments described below the purified protein was spun through a 
100 kDa Amicon® Ultra centrifugal filter for 10 min at 4°C to remove degraded 
protein.  
To test the microtubule binding capacity of D-HURP, MBP-D-HURP was added 
to tubulin in the presence of GTP and taxol and, following incubation at 37°C, 
spun through a glycerol cushion separating microtubules from tubulin. As is the 
case with GFP-D-HURP (Zhang et al., 2009), more protein was found in the 
pellet of the positive control, analysed by coomassie staining, than in the 
negative control pellet (negative control performed at 4°C in the absence of 
taxol and with MBP protein) (Figure 4.5B). 
  
121 
 
HURP, like TPX2 and D-TPX2, has been shown to actively stabilise 
microtubules in vitro (Chapter 3; Silljé et al., 2006). To test whether this is a 
property shared by D-HURP, the recombinant protein was added to tubulin with 
GTP and incubated at 37°C. A negative control was performed with MBP. Both 
samples were then centrifuged through a glycerol cushion. There were 
substantially more polymerised microtubules in the pellet of the sample 
containing MBP-D-HURP (Figure 4.5C), suggesting that MBP-D-HURP 
stabilises or nucleates microtubules in vitro.  
 
4.6 D-HURP interacts with a diverse range of proteins 
HURP has previously been suggested to work as part of a multi-component 
complex that affects the growth and stability of microtubules (Koffa et al., 2006).  
Similarly, D-HURP has been implicated in interacting with D-TACC, Msps and 
PP1 in Drosophila (Tan et al., 2008), shown perform a parallel function to 
Tousled-Like Kinase (Li et al., 2009) and its localisation and activity have been 
suggested to be RanGTP and Dynein dependent (Cesario & McKim, 2011; 
Zhang et al., 2009; Zhang et al., 2013). To analyse the proteins that interact 
with D-HURP, an immunoprecipitation of GFP-D-HURP was performed from the 
extracts of embryos laid by GFP-D-HURP expressing flies. GFP-Trap-A® beads 
(Chromotek) were used to immunoprecipitate GFP-D-HURP (Figure 4.6A), 
while pre-existing results from GFP-fusion proteins in which the bait protein was 
not precipitated were used as negative controls to identify GFP or α-GFP 
antibody binding proteins. The GFP-Trap® beads were subsequently analysed 
by mass-spectrometry (Performed by Kate Heesom – University of Bristol).  
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Table 1 
Name 
Coverage 
(%) 
Number of 
Peptides 
Identified Score 
Present in 
Negative 
Controls? 
Highest Score 
in Negative 
Controls 
Fold 
Increase 
in Score 
D-HURP 
(Mars) 
72.20 77 1378.32 
Yes 6.29 219.14 
Fs(2)Ket 
63.12 52 1372.07 
Yes 131.09 10.47 
Karybeta3 
61.36 61 1192.46 
Yes 201.30 5.92 
PP1a-96A 
33.64 10 75.78 
No - - 
ens 
18.73 7 51.34 
No - - 
Dgt6 
21.25 10 48.34 
No - - 
CG2017 
16.19 7 43.86 
No - - 
Dgt5 
15.33 9 37.81 
Yes 4.73 7.99 
Dgt3 
20.71 8 31.68 
Yes 2.32 13.63 
ArfGAP3 
17.93 5 31.13 
Yes 4.59 6.78 
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Figure 4.6: GFP-D-HURP interacts with a large number of proteins, including the 
EB1, Dynein and Msps 
(A) Western blot blotted with anti-GFP showing high speed supernatant of GFP-D-
HURP (lane 1) against supernatant incubated with GFP-binding GFP-TRAP-A beads 
(which should have bound the majority of GFP-D-HURP) (lane 2) and GFP-TRAP-A 
beads on which GFP-D-HURP is bound. These beads were analysed by mass-
spectrometry  
Table 1: GFP-D-HURP interacting proteins identified with a score of over 30, coverage 
of over 10% and a fold increase in the protein score over that in the controls of over 3. 
Shown is the protein name, the percentage (coverage) of the protein identified, the 
number of peptide sequences identified, the mass spectrometry score, whether the 
protein was present in any of the negative controls, the highest score seen for the 
protein in the negative controls and the fold increase in the score compared to that of 
the control. 
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In the GFP-D-HURP sample 1796 Drosophila proteins were identified. 2060 
were found in the negative controls. Each protein is given a score which is 
proportional to the predicted amount of protein within the sample. Additional 
information on the likelihood of an identified protein being a “real” hit is provided 
by the coverage percentage, the proportion of the protein identified by mass 
spec. To analyse the list of hits, proteins with scores of over 30 (an arbitrary cut-
off point representing the top ~ 20% of proteins) that were either not in the 
negative control or had a score over 5 fold greater than in control and that had a 
peptide coverage of over 10 percent were analysed in more detail (Table 1) 
with searches for protein function performed on Flybase and InterPro. Within 
the positive control, the highest scoring Drosophila protein, unsurprisingly, was 
D-HURP, with a score of 1378. D-HURP was also identified in the negative 
control, but with a ~230 fold lower score of 6.  Other high scoring proteins which 
were found at levels 10 and 5 times greater than in the negative controls were 
Fs(2)Ket and Karyβ3, Isoforms of Importin β. These proteins, which would most 
likely bind to D-HURP in interphase, are present at a substantially higher level 
than other hits possibly reflecting the mixed cell cycle population of these 
embryos (~ 20% in mitosis). Additionally, a number of α and β Tubulin isoforms 
were identified with high scores, however these Tubulin levels were also seen in 
the negative controls suggesting these are non-specific binding proteins. 
However, the fact that D-HURP directly binds to microtubules in vivo (Zhang et 
al., 2009 and Figure 4.3B) and in vitro (Figures 4.5B) suggests that these may 
also “real” hits, with D-HURP. 
Interestingly, another top hit include the protein phosphatase, PP1a-96A. D-
HURP has already been implicated in bringing PP1a-87B (which scored highly 
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as an interactor, but is below cut off point for significance) to the spindle to 
dephosphorylate D-TACC (another high hit again below the cut off point for 
significance) (Tan et al., 2008), but the additional interaction with this other 
phosphatases might suggest a greater role for D-HURP in localising 
phosphatases to the spindle. A number of members of the Augmin complex 
were also identified as top hits, however other members of the protein scored 
poorly, making any inference of Augmin-D-HURP interaction difficult. 
Interestingly, despite the poleward localisation of D-HURP, no Dynein 
components were identified as significant hits.  
 
4.7 Discussion 
HURP is a key mitotic protein involved in K-fiber stability and potentially the 
nucleation and stabilisation of microtubules in the vicinity of chromatin. Exactly 
how it performs these roles, and how important it is in mitotic spindle formation 
in different systems, is poorly understood. D-HURP has previously been shown 
to be a homologue of HURP (Yang et al., 2005). Like HURP, the full nature of 
D-HURP’s role in mitotic spindle is not known. Additionally, there is the 
suggestion that D-HURP may be compensating for the role of TPX2 in 
Drosophila (Zhang et al., 2009). To further explore these questions, spindle 
formation was observed d-hurp mutants, while the characteristics of the protein 
were also investigated.  
Previous studies of D-HURP in embryos have focussed on analysis of null 
mutant lines (Zhang et al, 2009; Zhang et al., 2013; Tan et al., 2008) or have 
focused on the actions of other proteins in the d-hurp hypomorphic line such as 
Tousled Like Protein and D-TACC (Li el al., 2009; Tan et al., 2008). It is clear 
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that d-hurp null embryos exhibit severe spindle defects which are present even 
at early mitotic cycles. As a result of this, it is extremely difficult to differentiate a 
spindle defect phenotype directly caused by the absence of D-HURP or a 
phenotype cause by failures or defects in previous mitotic cycles. These 
problems, as well as the fact that these embryos predominantly fail to progress 
to a stage whereby they can be imaged live, mean that d-hurp null embryos are 
not a suitable tool by which to explore the precise function of D-HURP.  
To get a clearer idea of the role of D-HURP, embryos from a hypomorphic line 
(d-hurpp) expressing a significantly lower degree of D-HURP than wt embryos 
were examined. Like the null line, areas of the d-hurpp embryos contained 
spindles with severe defects, many of which had lost correct positioning and 
mitotic synchronicity with the rest of the embryo. Instead of examining these 
spindles, the more subtle and constant phenotypes from areas of the embryo 
behaving normally in interphase were inspected. The most consistent 
phenotype seen, as was the case in d-tpx2 embryos, was short mitotic spindles. 
Short spindles are a relatively common phenotype of SAF perturbation 
(Goshima & Scholey, 2010), however, in many cases the reason for the 
reduction in spindle length is poorly understood. Part of the problem is that the 
factors governing spindle length maintenance can vary significantly between 
organisms, even, in the case of Drosophila, between cell types (Goshima & 
Scholey, 2010). In Drosophila syncytial embryos, spindle length is thought to be 
dependent on the balance between outward pushing forces (for instance 
microtubule flux of K-fibers and Klp61F interactions with anti-parallel 
microtubules) and inwards pulling forces (NCD interactions with anti-parallel 
microtubules and microtubule minus end depolymerisation) (Sharp et al., 1999, 
Sharp et al., 2000; Brust-Mascher & Scholey 2002; Brust-Mascher et al., 2009; 
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Goshima & Scholey, 2010). The majority of research, and therefore emphasis, 
on spindle length control in this system has focused on kinesins. It is therefore 
difficult to reconcile the roles of SAFs, with such different modes of action, 
within this current reductionist model.  
It is possible that the d-hurp short spindle phenotype is the result of direct 
disturbance of kinesins however no evidence of an interaction between D-
HURP and length determining kinesins (such as Klp10A and Klp61F) was 
identified through GFP-D-HURP IP. The existence of such a key relationship 
also seems unlikely based on the clear differences in the already known roles of 
these proteins in Drosophila and vertebrates. A more likely explanation is that 
because spindles length requires such a fine balance between pulling and 
pushing forces, it is not only the motor proteins and flux modulators that are 
important, but also the populations of microtubules themselves. It is the K-fibers 
that produce the largest amount of outwards force (Brust-Macher et al., 2009), 
so if their formation is delayed or perturbed, it stands to reason that spindle 
could become shorter. D-HURP has the ability in vitro to stabilise and bundle 
microtubules (Zhang et al., 2013). It is therefore possible that D-HURP has a 
role in the formation of k-fibers, which it localises to exclusively in S2 cells 
(Yang & Fan, 2008). This is a role HURP has been suggested to perform in 
other systems (Wong & Fang, 2006). The formation of microtubules in the 
vicinity of chromatin may also contribute to K-fiber formation, a role potentially 
also performed by D-HURP. 
Another phenotype seen frequently is the detachment of centrosomes from the 
spindle. Upon detachment, the centrosomes still nucleate asters and appear 
functional. This observation has previously been made (Zhang et al., 2009), 
where the detached centrosomes were shown to contain Cnn, Aurora A, D-
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TACC and γ-Tubulin. It was noted that this phenotype is similar to the dynein 
phenotype of centrosome detachment. Their explanation is that Dynein is 
needed to attach centrosomes or asters to spindle microtubules, and this is in 
some way modulated by D-HURP. Although plausible, the mass spectrometry 
of GFP-D-HURP did not identify any significant relationship between D-HURP 
and Dynein, and there are certainly alternative arguments. The high spatio-
temporal live imaging undertaken in this Chapter revealed that for nuclei that 
went on to lose centrosome attachment in metaphase, spindle formation was 
weak, taking longer to form K-fibers or attain bipolarity while presenting a lower 
intensity of microtubules or EB1. Therefore in an alternative scenario, D-HURP 
may be responsible for the ordinary efficiency of this microtubule organisation 
and potentially stabilisation. In these cases with the delayed K-fiber formation, 
the spindles appear stronger towards the centre of the spindle, not towards the 
poles. This mass of microtubules then becomes tapered closer to the 
chromosomes, perhaps because of the reduced microtubule density. It may 
therefore be the case that this tapering is what causes the disassociation of a 
centrosome from the spindle. It is interesting to note that only a single 
centrosome was ever seen to detach from a spindle, never both centrosomes.  
Tan et al., (2008) showed that D-HURP is responsible for regulating the 
dephosphorylation of D-TACC, a centrosomal protein responsible for 
modulating the activity of asters in its phosphorylated state (Giet et al., 2002). It 
is therefore conceivable that a higher degree of phosphorylated D-TACC across 
the spindle somehow leads to centrosome detachment.  This seems unlikely, as 
D-TACC phosphorylation has been implicated in increasing microtubule 
stability, which should make centrosome detachment less likely (Giet et al., 
2002). Tan and colleagues also showed that D-HURP perturbation does not 
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affect the levels of phosphorylated D-TACC on the centrosome, but rather 
around the centre of the spindle, their suggestion being that this leads to those 
microtubules being more dynamic (Tan et al., 2008). 
GFP-D-HURP, as previously described (Zhang et al., 2009) is a nuclear protein 
in interphase, translocating to the first nuclear microtubules following NEB and 
exhibiting a near ubiquitous presence on the spindle. D-HURP has previously 
been thought to accumulate towards microtubule minus ends (Yang et al., 2005; 
Yang & Fan, 2008; Zhang et al., 2009), and while this may be the case in S2 
cells, co-expression of GFP-D-HURP and Tubulin-RFP demonstrates that by 
metaphase D-HURP is localised equally across the length of the spindle. This 
localisation is in contrast to HURP, which is predominantly localised to 
microtubules in the vicinity of chromatin (Tsou et al., 2003), a possible 
divergence in function. It is possible that D-HURP has different attachments to 
motor proteins than HURP, which may explain the difference in localisation 
patterns. FRAP was used to attempt to measure the net movement of GFP-D-
HURP on the spindle, but was difficult to interpret because that a high turnover 
rate between spindle and cytosolic D-HURP appears to predominate over any 
form of spindle transport. FRAP did reveal a very low import rate of GFP-D-
HURP in interphase. This suggests that the majority of D-HURP is imported into 
the nucleus in telophase, when the new nucleus is just beginning to form. The 
reasons for this are unknown, although it is possible that cytoplasmic D-HURP, 
like HURP (Silljé et al., 2006; Song & Rape, 2010), may be degraded in 
interphase, so the nuclear localisation acts as a form of protection. A number of 
mitotic defects were also seen in the GFP-D-HURP line, probably due to the 
overexpression of D-HURP leading to hyper-stabilisation of microtubules, as it 
appears to do in vertebrates (Santarella et al., 2007).  
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The localisation of D-HURP suggests that it binds to microtubules. This was 
confirmed by performing microtubule binding assays using recombinant D-
HURP-MBP in an in vitro system. In performing these experiments, it became 
clear that MBP-D-HURP is very unstable, even in the presence of protease 
inhibitors, a property also observed with GFP-D-HURP, making D-HURP very 
difficult to work with in vitro.  
HURP has been shown to bind to, bundle and stabilise microtubules. 
Experiments in this chapter have shown that D-HURP also has the ability to 
bind to and stabilise microtubules. D-HURP is also known to bundle 
microtubules (Zhang et al., 2009; Zhang et al., 2013). It appears that HURP 
may protect microtubules by initiating the formation of a sheet of microtubule 
protofilaments that wraps around microtubules, potentially increasing their 
stability (Santarella et al., 2007). The in vivo significance of this is unknown, 
with the authors conceding that activity occurring at the level witnessed in vitro 
is unlikely to exist in living cells. They go on to suggest that HURP may initiate 
these microtubule structures at microtubule plus ends. It is conceivable that 
these mechanisms could confer a similar degree of stability as the Dam1 Ring 
Complex in yeast.  The ability of HURP to initiate this form of microtubule 
structure, to which MAPs can still bind, also suggests the possibility that HURP 
can produce microtubule “seeds” in much the same way TPX2 has been 
suggested to. Whether this is an ability retained by D-HURP is yet to be seen. It 
certainly shares many of the in vitro properties of its vertebrate counterpart, and 
a further characterisation of these properties using electron microscopy could 
result in interesting findings.  
The top GFP-D-HURP interacting proteins identified by mass spectrometry 
were Importinβ isoforms. This means that D-HURP is highly likely to be a Ran-
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GTP regulated protein in mitosis, like its vertebrate homologue. FRAP data 
revealed that GFP-D-HURP appears to be imported into the nucleus 
predominantly during telophase. How import in interphase is limited despite the 
prevalence of importinβ binding is unknown. Another interesting GFP-D-HURP 
interacting protein identified was the protein phosphatase PP1a-96A. D-HURP 
has previously been shown to localise PP1-87B to the spindle where it 
dephosphorylates D-TACC (Tan et al., 2008), although this interaction was not 
identified as significant in this IP. The nature of this interaction hints at a role for 
D-HURP in localising protein phosphatases to the spindle. Certainly depletion of 
subunits of the Human PP1 complexes have resulted in mitotic phenotypes, 
although the exact roles of these regulators poorly understood (Zeng et al. 
2010). Another possibility for this association could be that this phosphatase is 
simply dephosphorylating sites on D-HURP. Although no evidence of a D-
HURP-Kinase interaction was found this does not mean that D-HURP is not 
phosphorylated, as Kinase-substrate interactions can be transient and difficult 
to identify by IP (Janssens et al., 2009). A HURP containing complex has 
previously been described in vertebrates, composed of XMAP215, Aurora A, 
Eg5, Importin-α and TPX2 (Koffa et al., 2006). Of the Drosophila homologues of 
these proteins none were found to interact with D-HURP at a significantly 
identifiable level. This suggests this complex does not exist in Drosophila 
syncytial embryos, although it could be the case that the complex simply failed 
to immunoprecipitate.  It is worth noting that the role of this HURP-containing 
complex is not known, but it has been suggested to be only a transient 
structure, bringing together key Aurora A mediated proteins at the onset of 
mitosis and localising them to the spindle at the same time they are mediated 
by Ran-GTP (Wilde et al, 2006). Interestingly, Aurora (the Aurora A homologue 
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in Drosophila) does not interact with D-HURP, even though HURP has been 
shown to be a target of Aurora A in humans (Wu et al., 2013). As already seen 
this is also the case with D-TPX2 and Aurora A, hinting at a divergence of this 
kinase-SAF interaction between Drosophila and vertebrates. 
This Chapter has shown that D-HURP, like HURP, is a protein able to bind to 
and stabilise microtubules which has a key role in spindle assembly, with its 
perturbation leading to spindle defects, predominantly shorter mitotic spindles 
and spindle organisation faults. Despite this, the use of mostly traditional 
techniques in this Chapter, as in the last, has not provided the answer one of 
the key questions of this thesis; what are the non-centrosomal pathways 
contributing towards spindle assembly in Drosophila embryos?  
In the next Chapter, development of a live imaging technique for mitotic 
embryos recovering from microtubule depolymerisation, in conjunction with d-
hurp mutants, will reveal the existence of a pathway by which microtubules are 
nucleated in the vicinity of chromatin in a manner downstream of and 
dependant on D-HURP. 
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Chapter 5: 
Cold treatment of Drosophila syncytial embryos reveals a chromatin 
mediated microtubule nucleation pathway, mediated by D-HURP 
 
5.1 Introduction 
D-TPX2 and D-HURP appear to share similar characteristics, with embryos 
exhibiting comparable phenotypes in their absence (Chapters 3 and 4). Despite 
this, the proteins do not interact, suggesting their roles may be within a shared 
spindle formation pathway. The vertebrate homologues of these proteins, TPX2 
and HURP, have both been implicated in facilitating microtubule nucleation in 
the vicinity of chromatin (Gruss et al., 2001; Casanova et al., 2008). It is 
therefore possible that D-TPX2 and D-HURP are both involved in chromatin 
mediated microtubule nucleation; a pathway that has so far not been shown to 
exist in Drosophila syncytial embryos.  
Acentrosomal mechanisms of spindle assembly have been suggested for over a 
century (Rieder, 2005). As has already been discussed, mitotic spindles in 
higher plants and meiotic spindles in many metazoan oocytes such as 
Drosophila, mice and Xenopus form in the absence of centrosomes (Megraw et 
al., 2001; Maiato et al., 2004; O’Connel & Khodjakov, 2007). The mechanisms 
by which they do so are varied, but in some cases the microtubules that 
contribute to these spindles are thought to arise in the vicinity of chromosomes 
(Witt et al., 1980; Rieder, 2005). Despite this, following the introduction of the 
search-and-capture hypothesis (Kirschner & Mitchison, 1986), spindle formation 
from asters was seen as sufficient to generate spindles in centrosome-
containing cells, with chromosomal microtubule nucleation only thought to exist 
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in acentrosomal systems (Maiato et al., 2004). However, several observations 
have shown that this cannot be the case. For instance, computer models have 
demonstrated that search-and-capture alone is inefficient for microtubules to 
simply capture all 96 human kinetochores in the time frames that have been 
demonstrated experimentally (Wollman et al., 2005), and this is not considering 
the fact that individual mammalian kinetochores have been shown to have 20-
40 microtubules attachments (Reider, 1982). Additionally, mono-orientation of 
chromosomes exists, where, upon kinetochore capture, a chromosome is 
translocated towards a single spindle pole where it is essentially “out of reach” 
of asters emanating from the adjacent pole (Hayden et al., 1990; Skibbens et 
al., 1993). These chromosomes still align, which suggests other mechanisms 
are active beyond search-and-capture (O’Connell & Khodjakov, 2007).  
There is now experimental evidence for acentrosomal spindle assembly 
pathways existing in centrosomal systems, from mammalian cells where 
centrosomes have been artificially removed (Khodjakov et al., 2000), to fly cells 
which can form spindles in the absence of functioning centrosomes (Debec et 
al., 1995; Bonaccorsi et al., 1998; Megraw et al., 2001; Basto et al., 2006). It 
has been proposed that a Ran-GTP dominated pathway of chromatin mediated 
microtubule nucleation works alongside search and capture, with SAFs such as 
TPX2 and HURP essential in this pathway (Gruss et al., 2002, Silljé et al, 2006). 
This is based on the discovery that spindles can form around chromatin or DNA 
coated beads in Xenopus egg extracts (Heald et al., 1996) in a manner 
dependent on Ran-GTP mediation of spindle assembly factors (Carazo-Salas et 
al., 1999; Gruss et al., 2001; Gruss et al., 2002; Casanova et al., 2008), 
Interestingly, despite the fact that spindle assembly in the absence of 
centrosomes has been documented in Drosophila, there is no description of the 
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molecular pathways behind this spindle formation. This is in part because a 
Drosophila TPX2 homologue has only recently been discovered (Goshima, 
2011; Chapter 3) and the role of the spindle assembly factor D-HURP is poorly 
understood (Chapter 4). Additionally, in the Drosophila syncytial embryo, 
arguably the Drosophila system in which mitosis is most characterised, the 
formation of chromatin originating microtubules has never been observed. 
Whether this is because mitosis in this system is so fast and efficient, and the 
spindle relatively small with few kinetochores to capture, that it does not need 
acentrosomal pathways; or because other pathways are hidden from view by 
the sheer scale of astral microtubules, is tested in this Chapter using live 
imaging of microtubule recovery following depolymerisation by cold treatment. It 
stands to reason that if chromatin mediated microtubule nucleation exists in 
these embryos, depolymerising microtubules in metaphase and observing their 
regrowth may be the best method by which to see this pathway in action. This is 
because if this pathway exists and is mediated in a RanGTP dependent 
manner, then NEB will be required to allow RCC1 access to chromatin for Ran 
activation. This creates a relative lag-phase in the activation of this pathway in 
comparison to centrosomal astral nucleation, which, due to the speed of 
nucleation in this system, will have at this point flooded the nuclear area, 
essentially hiding any evidence of microtubule nucleation in the vicinity of 
chromatin. Therefore, a method such as microtubule depolymerisation by cold 
treatment will temporally reset the spindle assembly pathways, decoupling 
astral nucleation from chromosome condensation, allowing the visualisation of 
chromatin originating microtubules. Cold treatment of Drosophila embryos has 
been attempted before (Callaini & Marchini, 1989; Callaini et al., 1991; Callaini 
& Riparbelli, 1992). However, in each of these cases the focus was on 
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cytoskeletal defects following a relatively long re-exposure to warmth. 
Encouragingly, one finding was that the actin cytoskeleton is largely unaffected 
in these treatments, suggesting that cold treatment may not affect the 
positioning of nuclei. 
5.2 Live imaging of mitotic microtubule re-growth in Drosophila syncytial 
embryos by laser scanning confocal microscopy is insufficient to image 
chromatin mediated microtubule nucleation 
To test the feasibility of cold treatment, 0.5-2.5 hour old embryos expressing 
Histone-RFP and Tubulin-GFP were collected, dechorionated using bleach and 
spread onto Parafilm placed on crushed ice, exposing the embryos to 
temperatures of 0-4°C for one hour. The embryos were then fixed using either 
ice cold methanol (Figure 5.1A) or room temperature methanol (Figure 5.1B). 
In the case of embryos exposed to ice cold methanol, nuclear structures were 
hard to distinguish, perhaps because of a very high Tubulin-GFP background. 
However, some examples were found of condensed chromatin without a clear 
nuclear envelope, suggesting that the nucleus is in prometaphase or 
metaphase. In these cases, centrosomes were still visible either side of the 
chromatin, without any clear microtubule structures (Figure 5.1A). This 
suggests that the actin cytoskeleton is able to keep the centrosomes and 
nucleus still compartmentalised. In the case of the embryos fixed at room 
temperature (allowing a brief resumption of microtubule nucleation), a large 
amount of microtubules are clearly visible. There are clear problems with 
nuclear spacing, and many spindles appear to have lost centrosomal 
attachment (Figure 5.1B). Despite this, the majority of microtubules appear to 
be localised around chromatin, hinting that chromatin mediated microtubule 
nucleation may be occurring in these samples. However, because these cells 
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are fixed, there is no way of ascertaining the exact source of these 
microtubules.  
Cold treated embryos were imaged live using laser scanning confocal 
microscopy. Single embryos were mounted on coverslips and imaged until they 
reached metaphase, at which point they were removed and placed in a Petri 
Dish which itself was incubated on ice, and covered in chilled halocarbon oil. 
The Petri Dish was used instead of Parafilm because it limits the contact the 
coverslip has with water, which otherwise would mix with the objective oil or 
halocarbon oil diminishing the quality of images subsequently captured and 
potentially wash the embryos off of the coverslips. The embryos were then 
incubated on ice for 90 minutes. Following incubation, the embryos were 
removed and quickly imaged using standard imaging conditions for laser 
scanning confocal microscopy (10 focal planes 0.5 μm apart, each set of stacks 
taking 10 seconds to capture). This demonstrated that spindles can recover 
from cold treatment (Figure 5.1C). Some spindles lost centrosome attachment, 
collided with other spindles or failed to form, but the majority formed 
successfully and divided. However, by the time the coverslips were mounted on 
the microscope, a substantial degree of microtubule nucleation had already 
occurred, and ascertaining the source of the microtubules was not possible. To 
deal with this problem, the microscope stage was chilled, and ice cold 
halocarbon oil was added to the coverslips as they were placed on the stage. 
Alternatives for halocarbon oil with higher specific heat capacities were also 
experimented with, although the small volumes dealt with meant any changes in 
the insulating properties of these materials were negligible (data not shown). 
This in itself did not make a significant degree of progress in allowing for the  
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Figure 5.1 Initial attempts to cold treat Drosophila syncytial embryos reveal that 
observation of microtubule regrowth is feasible 
All scale bars are equivalent to 5 µm. (A-B) Examples of embryos expressing Histone-
RFP (red) and Tubulin-GFP (green) in mitosis that have been incubated on ice for 90 
minutes and fixed in chilled (4°C) methanol (A) or fixed in room temperature methanol 
(B). In the case of the embryo fixed in cold methanol, centrosomes can be seen either 
side of condensed chromatin (marked by arrows), as they would be in metaphase, in 
the absence of microtubules (A). With the embryos fixed in room temperature 
methanol, there are clear signs of spindle assembly (B). (C-D) Stills from time-lapses 
of embryo expressing Histone-RFP (red) and Tubulin-GFP (green) which were imaged 
until reaching metaphase and then incubated on crushed ice. Imaging conditions of 
cold recovery consisted of 10 focal planes captured every 10 seconds 0.5 μm apart 
(C), or one image captured every second of only a single focal plane (D).  
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visualisation of the nucleation of the initial microtubules that form following cold 
treatment. Instead single focal planes of the embryo were captured, meaning 
that the focal plane parameters did not have to be set up for each embryo, a 
process that wasted valuable time and resulted in the initial microtubule 
nucleation going unseen. This produced interesting results (Figure 5.1D), with 
spindle appearing to form in the vicinity of chromosomes and then pushing out 
to form a bipolar structure. However, because the chromatin and centrosomes 
are not on the same focal plane, it is possible that these initial microtubules are 
actually contributed by centrosomes (Figure 5.1D). 
 
5.3 High spatial and temporal resolution confocal microscopy reveals the 
presence of chromatin mediated microtubule nucleation in Drosophila 
syncytial embryos 
Spinning disc confocal microscopy provides a faster means of imaging 
microtubule nucleation in Drosophila syncytial embryos. As had previously been 
performed on the laser scanning confocal microscope, single embryos were 
imaged until metaphase (defined by the alignment of chromosomes at the 
metaphase plate), then placed in a petri dish on ice, covered in chilled 
halocarbon oil and incubated for 90 minutes on ice. The coverslips were 
subsequently removed from the petri dishes and placed on the microscope 
stage (Figure 5.2A). Because of the different microscope set-ups, recorded 
imaging of cold treated embryos can be performed within 20 seconds of 
removal from ice on the spinning disk confocal, compared to at least 50 
seconds with the laser scanning confocal. The faster image capture abilities of 
this microscopy system also allows multiple focal planes to be captured while 
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still capturing many images within a small temporal parameter, with the optimal 
settings resulting in 5 focal planes, 0.5μm apart, captured every 2 seconds. This 
means that any microtubules emanating from centrosomes or from around 
chromatin can be visualised simultaneously. In the case of embryos expressing 
Histone-RFP and Tubulin-GFP (Figure 5.2B) or EB1-GFP (Figure 5.2C) 
microtubules can clearly be seen emanating from the vicinity of chromatin 
following cold recovery. The difference in spindle formation following cold 
treatment, where spindles form in a “inwards-out” manner, in contrast to spindle 
formation under normal conditions, where they form in an “outwards-in” manner, 
are best visualised as kymographs of microtubule growth overtime (Figure 
5.2D-E). Interestingly, when spindles form from chromatin following cold 
treatment, chromosomes appear to get pushed away from the spindle equator 
by these newly nucleating microtubules, before subsequently being efficiently 
pulled back to the equator, a process rarely seen under normal conditions in 
Drosophila embryos. The microtubules themselves are also generated with no 
directional preference, and only subsequently become organised into a bipolar 
shape, as demonstrated by manually tracking EB1-GFP comets emanating from 
around chromatin (Figure 5.2F). Also of note is the fact that chromatin 
mediated microtubule nucleation is more clearly visible in the case of EB1-GFP, 
meaning this is the ideal transgene to use to investigate this process further. It 
should also be noted that if anaphase embryos were cold treated, the 
separating chromosomes collapsed back in on themselves, presumably in part 
because of central spindle depolymerisation, and around them a new nuclear 
envelope would form. As expected, based on the fact that centrosomal 
duplication and chromosome separation are uncoupled processes 
(Raff & Glover, 1989), in this situation the centrosomes separated, resulting in  
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Figure 5.2 High resolution spinning disc confocal microscopy reveals the 
presence of a chromatin mediated microtubule nucleation pathway in 
Drosophila syncytial embryos 
All scale bars are equivalent to 5 µm. (A) Schematic diagram of embryonic cold 
treatment protocol. Single embryos are imaged until they reach metaphase, at which 
point they are chilled at 4°C for 90 minutes, depolymerising microtubules. Regrowth is 
observed at room temperature. (B-C) Stills from time-lapses of spindles reforming after 
cold treatment in embryos expressing Histone-RFP (red) and Tubulin-GFP (green) (B) 
or EB1-GFP (C) with a representative metaphase spindle from same embryo shown 
prior to cold treatment (labelled “Pre”). Time-lapses were recorded on a spinning disc 
confocal microscope with 5 focal planes captured every 2 seconds 0.5 μm apart. (D-
E) Kymographs of single spindles expressing Tubulin-GFP (D) or EB1-GFP (E) either 
recovering from cold treatment (i) or following normal spindle formation (ii). (F) Graph 
showing the initial random directionality of EB1 comets emanating from chromatin 
upon cold treatment recovery. (G) Anaphase embryo expressing EB1-GFP recovering 
from cold treatment, with four centrosomes present around a single nuclei (see 
arrows). (H) Examples of defects seen in cold recovery from embryos expressing 
Tubulin-GFP (green) and Histone-RFP (red). 
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Figure 5.3 Chromatin mediated microtubule nucleation stills occurs in the 
absence of D-TPX2, but spindle formation following cold treatment is perturbed 
All scale bars are equivalent to 5 µm. (A) Stills from time-lapse of d-tpx2 (mei-381) 
embryo expressing EB1-GFP recovering from cold treatment. (B) Kymograph of d-
tpx2 (mei-381) embryo expressing EB1-GFP recovering from cold treatment. (C) 
Examples of spindle assembly defects during cold recovery in the absence of D-TPX2 
including spindle monopolarity (i) and spindle collapse (ii).  
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quatri-centrosomal nuclei (Figure 5.2G). These nuclei were often able to 
undergo another round of mitosis, but would often fail subsequently. 
Additionally, as was seen in earlier attempts at cold treatment, some examples 
of spindle assembly defects were observed, including spindle “collisions” and 
multiple spindles sharing the same pole (Figure 5.2H). 
 
5.4 D-TPX2 is not required for chromatin mediated microtubule nucleation, 
but is required for subsequent bipolar spindle organisation 
To test whether the spindle assembly factor D-TPX2 is required for chromatin 
mediated microtubule nucleation, d-tpx2 (mei-381) embryos expressing EB1-
GFP were subjected to cold treatment. In the absence of D-TPX2, microtubules 
still formed in the centre of the spindle (Figure 5.3A-B). This is in contrast to 
chromatin mediated microtubule assembly in vertebrates, where TPX2 is 
essential for this process (Gruss et al., 2002). However, the re-polymerising 
microtubules often only interacted with a single pole, or, if they did interact with 
both poles, the spindles would collapse (Figure 5.3C). This means that D-TPX2 
is not required for chromatin mediated microtubule nucleation, but does have a 
clear role in spindle stability following regrowth.  
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5.5 D-HURP is required for chromatin mediated microtubule nucleation, a 
Ran-GTP dependant process 
Hypomorphic d-hurp (marsp) mutant embryos expressing EB1-GFP were 
subjected to cold treatment. With substantially lower D-HURP levels, chromatin 
mediated microtubule nucleation was virtually absent, with spindle recovering in 
an astral dominated “outwards-in” manner (Figure 5.4A-B). This demonstrates 
an essential role for D-HURP in microtubule nucleation around chromosomes. 
This is a role shared by HURP in Xenopus egg extracts (Casanova et al., 2008).  
To further clarify the role of D-HURP in chromatin mediated microtubule 
nucleation, the sub-cellular localisation of the protein following cold treatment 
was analysed. Following cold treatment of GFP-D-HURP embryos, GFP-D-  
HURP was found to localise to chromatin (Figure 5.4C-D). GFP-D-HURP then 
re-localises to the microtubules emanating from the chromatin. It does not 
however localise to centrosomally-generated microtubules as it does in cycling 
embryos (Figure 5.4C). This further emphasises the likelihood that D-HURP is 
a mediator of the process of chromatin mediated microtubule nucleation. The 
post-cold treatment localisation of γ-Tubulin, the γ-TuRC recruiting and 
microtubule amplifying Augmin complex and D-TPX2 were all examined as 
other potential mediators of this process. In all cases, re-localisation appears to 
be microtubule dependent (and only to microtubules) and ubiquitous to both 
chromatin-originating and astral microtubules (Figure 5.4E-G). This suggests 
that if any of these proteins are involved in microtubule nucleation around 
chromatin following cold treatment, then D-HURP is working upstream of them.  
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Figure 5.4 D-HURP is required for chromatin mediated microtubule nucleation, 
and localises to chromatin after cold treatment 
All scale bars are equivalent to 5 µm. (A) Stills from time-lapse of d-hurp (marsp) 
embryo expressing EB1-GFP recovering from cold treatment. (B) Kymograph of d-
hurp (marsp) embryo expressing EB1-GFP recovering from cold treatment. (C-D) Stills 
from time-lapse of GFP-D-HURP localisation following cold treatment alone (C) and 
with Histone-RFP co-expressed (GFP-D-HURP in green and the left hand greyscale 
panel, Histone-RFP in red and the right hand greyscale panel) (D). (E-G) Stills from 
time-lapses of embryos expressing γ-Tubulin-GFP (E), Msd1-GFP (F) and GFP-D-
TPX2 (G) recovering from cold treatment with representative images of metaphase 
spindle prior to cold treatment labelled as pre.  
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5.6 Chromatin mediated microtubule nucleation is Ran-GTP dependent 
In vertebrate systems, a Ran-GTP gradient around chromosomes has been 
demonstrated to regulate chromatin mediated microtubule nucleation by 
releasing spindle assembly factors from their inactivating importin partners 
(Gruss et al., 2001; Casanova et al., 2008). Although a Xenopus-like Ran-GTP 
gradient has not been observed in Drosophila syncytial embryos, severe mitotic 
defects have been observed when Ran phosphorylation is perturbed 
(Trieselmann & Wilde, 2002; Silverman-Gavrila & Wilde, 2006). As has 
previously been described, injecting high concentrations of RanT24N, a form of 
Ran in a constantly GDP bound state, into embryos produces a dominant-
negative effect on Ran-GTP (Silverman-Gavrila & Wilde, 2006). The 
microinjection apparatus enables the identification of suitable embryos, with 
injection performed on the same spinning disc confocal microscope with which 
the embryos are imaged. Injection of RanT24N at a concentration of 2 μg/ml 
resulted in delayed spindle formation, with the eventual spindles that assembled 
exhibiting a weak microtubule density. These spindles also appear longer than 
typical spindles, and arrested in metaphase (Figure 5.5A). It is worth noting that 
when a relatively large amount of RanT24N solution was injected (roughly >2% 
of the embryonic volume), nuclei arrested before mitosis, with a very small 
degree of astral nucleation.  
To assess the role of Ran-GTP in chromatin mediated microtubule nucleation, 
metaphase embryos were placed on ice as previously described (5.3), then 
removed from the ice after 75 minutes of exposure where they were injected 
with RanT24N, then placed back onto ice for a following 15 minutes to further 
depolymerise any microtubules. Following cold treatment and Ran perturbation, 
chromatin mediated microtubule nucleation did not occur, with all nucleation 
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instead emanating from centrosomes (Figure 5.5B-C). These spindles 
exhibited a number of defects, including collapse and collision, while 
chromosomes were not aligned at the metaphase plate as they are in 
uninjected embryos during regrowth (Figure 5.5C). If higher amounts of 
RanT24N solution were injected, no spindle formation was observed, as was a 
cessation of nucleation from centrosomes. It is therefore clear the microtubule 
nucleation in the vicinity of chromosomes is Ran-GTP dependent, as has been 
described in vertebrates (Kalab et al., 1999; Tulu et al., 2006). 
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Figure 5.5 Chromatin mediated microtubule nucleation is Ran-GTP dependent 
All scale bars are equivalent to 5 µm. (A) Stills from time lapse of spindle formation in 
a cycling embryo injected with RanT24N. (B-C) Stills from time lapse of embryos 
expressing Tubulin-GFP (green and left hand greyscale panel) and Histone-RFP (red 
and right hand greyscale panel) (B) or EB1-GFP (C) during cold treatment recovery 
following injection of RanT24N. 
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5.7 Discussion 
Microtubules nucleated in the vicinity of chromosomes have proven to be a 
driving force towards spindle formation in a variety of systems. For the first time, 
this chapter has demonstrated the existence of this pathway in Drosophila 
syncytial embryos, a system perhaps most well-known for the efficiency and 
speed by which it forms the mitotic spindle.  
What is perhaps most remarkable about the findings in this chapter is that 
chromatin mediated microtubule nucleation exists at all in this system. 
Microtubule nucleation around chromatin and kinetochores might be expected 
to be a dominant form to spindle formation in very large cells, where their sheer 
size might make search-and-capture from microtubule organising centres highly 
inefficient (Schuh & Ellenberg, 2007). Similarly, this form of spindle formation 
can be expected in some systems where microtubule organising centres are not 
present (Karsenti & Vernos, 2001; Li et al., 2003). Likewise, chromatin mediated 
microtubule nucleation would be advantageous as a facilitator of spindle 
formation in many types of vertebrate cells with a high number of 
chromosomes, as chromatin or kinetochore originating microtubules attaching 
astral microtubules could greatly improve the efficiency of search-and-capture, 
while also assisting in the bi-orientation of mono-oriented chromosomes 
(Wollman et al., 2005; O’Connel & Khodjakov, 2007). However, in Drosophila 
syncytial embryos, the spindles assemble in an environment where they can be 
formed by search-and-capture alone within 30-60 seconds. This is perhaps 
because of the low chromosome number in Drosophila (with 16 kinetochores to 
capture instead of the 96 in humans), the small nuclear size, the small area in 
which spindle formation can occur (modulated by the actin cytoskeleton) and 
the pronounced nucleating ability of the centrosomes. It is therefore superficially 
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surprising that an alternative or supplementary mechanism of spindle formation 
exists at all in this system.  
It is possible that this pathway is a remnant of mitosis in other Drosophila cell 
types. In this scenario, the pathway would be essentially active in all Drosophila 
spindle formation regardless of the cell type, because in some other cell types 
the conditions may not be entirely favourable for search-and-capture to function 
alone (Rebollo et al., 2004; Basto et al., 2006), or that it is required for the rare 
occasions when spindle defects occur (such as chromosome mono-orientation 
or incomplete centrosome separation before mitosis). However, in the absence 
of D-HURP, which has been shown to be a key mediator of chromatin mediated 
microtubule nucleation; there are consistent and severe phenotypes in syncytial 
embryos. This implies that microtubule nucleation in the vicinity of chromatin, 
mediated by D-HURP, and may be a regular and important factor of spindle 
formation in the syncytial embryo. There is of course a possibility that D-HURP 
has other roles in spindle formation, such as K-fiber stability or negative 
regulation of phosphorylated D-TACC localisation, and it is because of these 
that the d-hurp associated phenotype occur. It is difficult to accurately say 
whether this may be the case.  
If D-HURP-mediated chromatin mediated microtubule nucleation is a 
consistently present feature in syncytial embryonic spindle formation, there are 
a number of potential reasons why that may be the case. It is conceivable that 
these microtubules are simply nucleated to improve the efficiency of spindle 
formation. However, in the d-hurp mutant, initial spindle formation does not 
appear to be delayed in the majority of cases, making this scenario unlikely. It is 
also possible that, like in other systems including Drosophila S2 cells (Maiato et 
al., 2004) this pathway exists to correct spindle formation or microtubule-
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kinetochore attachment errors. Again, this also appears to be unlikely because 
in the d-hurp line there is a consistent and significant delay in anaphase 
initiation, a sign that the spindle assembly checkpoint has not been satisfied. 
These defects in spindle formation, such as clearly misaligned chromosomes, 
are rare in embryos to the extent that it is unlikely that inhibiting the mechanism 
that corrects such errors would be enough to prevent the satisfaction of the 
checkpoint so consistently. Another possibility is that the microtubules 
generated in the vicinity of chromosomes are needed to maintain the bulk of the 
spindle once it is formed. High Tubulin concentrations have been shown to exist 
around chromatin (Rieder, 2005), and it is possible that it is here that those 
microtubules are assembled to contribute to overall spindle stability or function 
as non-kinetochore microtubules (Shimamoto et al., 2011). It is difficult to fully 
assess these possibilities because it is likely that the extent of microtubule 
nucleation seen following cold treatment is exaggerated due to the higher 
proportion of free tubulin in the nuclear space following astral depolymerisation 
compared to what would typically exist in cycling mitotic cells.  
In respect to the nature of spindle formation following cold treatment, it should 
be noted that many of the spindles appear to recover without any significant 
defects. The most pronounced variation from normal spindle formation (besides 
the predominant source of microtubules) is that there are some errors in spindle 
positioning, with a number of spindles seen colliding with others, in some cases 
becoming amalgamated into a larger spindle and in other cases sharing a 
centrosome. This corresponds with work on cold treated embryos and the actin 
cytoskeleton (Callaini et al., 1991), which showed that that there are some 
defects in metaphase furrows; structures that play a role in the 
compartmentalisation of spindles within the shared cytoplasm of the syncytial 
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embryo (Postner et al., 1992). Additionally, the actin cytoskeleton is largely 
involved in spindle positioning through the association of Actin with asters, via 
attachment with Dynein (Sommi et al., 2011), so it is not surprising that 
following aster depolymerisation this positioning is lost, in some cases 
irreconcilably. It should be recognised that spindle positioning defects seen 
following cold treatment are the same as those seen in embryos treated with 
Cytochalasin B to inhibit actin network formation (Callaini et al., 1992).  
It is tempting when observing spindles forming following cold treatment to 
suggest that they are able to form their bipolar state with limited astral input. It 
certainly appears to be the case that within roughly the first 80 seconds of cold 
recovery, the spindles become bipolar and organised, and yet the centrosomes 
appear to have limited input. Additionally, a number of spindles have been 
observed successfully forming with only one centrosome or in some cases 
none. The fact that the spindles always form bipolarly, along the same axis as 
the centrosomes, suggests the centrosomes are at least providing some 
directional input. However it is interesting that the mechanisms usually 
responsible for spindle organisation, such as kinesins and other microtubule 
cross-linkers, are so able to adapt at helping to organise these mid-nuclear 
located microtubules. Interestingly, chromatin mediated microtubules form in the 
absence of D-TPX2, but spindles cannot organise. Therefore it is probable that 
D-TPX2 has a role in organising microtubules, perhaps in bundling 
microtubules, as has previously been suggested (Goshima, 2011).  
As well as the inability of d-hurp spindles to form microtubules in the vicinity of 
chromatin, the sub-cellular localisation of D-HURP following cold treatment 
adds further credence to the idea that D-HURP is a mediator of the pathway. In 
contrast, other potential spindle assembly components such as γ-tubulin and 
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Augmin only localise to the chromatin area after microtubules have begun to 
form. This suggests that D-HURP, in this pathway, would be working upstream 
of these components. It is also interesting, although not surprising, that 
chromatin mediated microtubule nucleation is Ran-GTP dependent in this 
system. D-HURP has been shown to interact with Ran components and to be 
strongly associated with Importin-B as would be expected for a true Ran-
dependent SAF, (Chapter 4), so it is highly likely that D-HURP is one of the 
downstream substrates of Ran in this pathway.  
How might D-HURP act to form new microtubules within the vicinity of 
chromatin? TPX2 is perhaps more implicated in this form of microtubule 
generation in vertebrates than HURP. The majority of evidence for the mode of 
evidence of TPX2 comes indirectly (Gruss et al., 2002), but recent preliminary 
work has suggested that TPX2 acts to extend what could be self-assembling 
microtubule seeds that exist in low tubulin concentrations (Wieczorek et al., 
2012). These seeds need to assemble into a stable structure before steady-
state microtubule elongation can occur. TPX2 appears to act in accelerating the 
assembly of this stable structure (Wieczorek et al., 2012). As has already been 
suggested, D-HURP may play a number of the roles performed by TPX2 in 
vertebrates. It is likely that the molecular ability of TPX2 to accelerate stable 
seed structure formation will be highly specialised, so it seems unlikely that D-
HURP has developed this role separately from TPX2. HURP has been shown to 
nucleate a previously unknown form of microtubules (Santarella et al., 2007), 
although the authors acknowledged that this ability may be very rare in vivo, 
suggesting that the purpose of this microtubule form is to stabilise already 
formed microtubules around the kinetochore. In the case of D-HURP, if it has 
retained this ability, it is possible that this mechanism may be the source of the 
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microtubules around chromatin seen in this chapter. Based purely on the nature 
of the microtubules seen by Santarella and colleagues, it is unlikely that these 
microtubule sheets can go on to form a standard 13 protofilament microtubule 
subject to standard dynamic instability and steady-state elongation. How else 
these protofilaments may contribute to chromatin mediated microtubule 
nucleation will be discussed in the following chapter.  
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Chapter 6: 
 
Multiple pathways can contribute to spindle formation, all of which are 
facilitated by the Augmin complex   
 
6.1 Introduction 
As has already been discussed, centrosomes are not always the dominant 
source of spindle microtubules. In several biological systems, spindles (both 
mitotic and meiotic) form in a centrosome free, or acentrosomal, environment. 
This is the case in higher plants.  
Plants form spindles predominantly by self-organising microtubules. As is the 
case in animal cells, self-organisation of microtubules into a plant spindle works 
most effectively in the presence of novel mechanisms involved in spindle 
assembly and stability. These include a greater role for kinetochores in 
organising spindle microtubules than seen in metazoans (Zhang & Dawe, 2011) 
and the presence of the preprophase band, a late interphase microtubule band 
around the plant nucleus that essentially provides a directional input towards 
the spindle in much the same way as centrosomes do in metazoan spindles, 
resulting in spindle polarity perpendicular to that of the preprophase band 
(Ambrose & Cyr, 2008). Interestingly, plants can form spindles in the absence of 
the preprophase band (Bannigan et al., 2008).  
Self-organisation of microtubules to form spindles also occurs in metazoan cells 
in the absence of centrosomes. It is even apparent in typically astrally 
dominated metazoan somatic systems where the centrosomes have been 
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artificially removed. This is the case for instance in mammalian CVG-2 cells, 
where upon laser abolition of a single centrosome, a spindle could still organise 
and focus at the acentrosomal pole (Khodjakov et al., 2000). A similar situation 
occurs in crane fly primary spermatocytes where a single centrosome can be 
displaced by flattening of the cells (Steffen et al., 1986).  
In Drosophila, a number of studies have demonstrated that spindles can form in 
the absence of centrosomes. An acentrosomal Drosophila cell line was first 
identified over three decades ago, with work predominantly focussing on pole 
organisation (Debec et al., 1982; Debec & Abbadie, 1989; Debec et al., 1995). 
Later work on asl mutant spermatocytes, where centrioles are unable to recruit 
PCM components such as CNN and ϒ-Tubulin, again showed that that spindles 
(although highly abnormal) can form in the absence of functioning centrosomes 
in this normally centrosomal system (Bonaccorsi et al., 1998). Acentrosomal 
spindles have also been documented in asl larval neuroblasts (Wakefield et al., 
2001). Similar results were obtained in larval neuroblasts and S2 cultured cells 
upon the perturbation of CNN. In this case some spindles were observed to 
exhibit a more typical bipolar morphology (although spindles poles are less 
focused, with spindles appearing “barrel-shaped”) (Megraw et al., 2001). A 
further study investigating the loss of centrioles in larval neuroblasts again 
showed that functional bipolar anastral spindles can form, although with spindle 
positioning defects as a result of centriole loss (Basto et al., 2006). Together, 
these studies have shown that spindles can form in the absence of functioning 
centrosomes, but do not reveal the source of the microtubules from which they 
are formed.   
A recent investigation of the 1182-4D acentrosomal Drosophila cell line 
revealed that these mitotic spindles form in part from multiple acentrosomal 
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microtubule organising centres (aMTOCs) containing PCM material such as 
CNN, D-Sas4, D-PLP and ϒ-Tubulin. The primary reason given for the existence 
of these aMTOCs was as a sink for tubulin following spindle disassembly in 
telophase, however, even in centrosome containing cells, these aMTOCs 
appear to contribute microtubules to spindle assembly (Moutinho-Pereira et al., 
2009). This raises the possibility that upon centrosome perturbation in 
Drosophila cells, aMTOCs are the primary source of spindle microtubules. This 
parallels the case in the highly specialised meiotic oocytes of Mice, Xenopus 
and Drosophila, which all form spindles acentrosomal (Duncan & Wakefield, 
2011). In mouse oocytes spindles are formed from self-organised microtubules 
generated by numerous aMTOCs that exist in the cytoplasm of the cell (Schuh 
& Ellenberg, 2007). In a similar vein, Drosophila oocytes self-organise the 
meiosis I spindle from microtubules originating from cajal bodies, microtubule 
organising centres that disintegrate in meiosis (Sköld et al., 2005).  
Another key aspect of spindle assembly and stability is microtubule 
amplification, a process which is increasingly being acknowledged as an 
Augmin complex-mediated process (Goshima & Kimura, 2010). Components of 
the Augmin complex were first discovered as microtubule interacting proteins 
with RNAi phenotypes including low mitotic spindle density and dim ϒ-tubulin 
levels on the spindles (Goshima et al., 2007; Hughes et al., 2008). Augmin was 
later revealed to contain 8 subunits in Drosophila, and has been implicated in 
recruiting the microtubule nucleating ϒ-tubulin ring complex to spindle 
microtubules, from which new microtubules are nucleated (Goshima et al., 
2008; Wainman et al., 2009). Homologues of the Augmin complex have been 
found to be functionally similar in Humans (Goshima et al., 2008; Uehara et al., 
2009; Lawo et al., 2009), Xenopus (Petry et al., 2011) and Arabidopsis (Ho et 
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al., 2011). The specifics of Augmin functionality are still in dispute. For instance, 
even though microtubule branching has recently been observed in vitro (Petry 
et al., 2013) and in vivo (Kamasaki et al., 2013) there is still no direct evidence 
that Augmin is at the sites of microtubule branching, leaving open the possibility 
for other modes of action for Augmin than those described by the current model. 
Many features of microtubule amplification are not known, such as the duration 
of the connection between Augmin and pre-existing spindle microtubules and 
whether Augmin preferentially binds to certain sub-populations of microtubules 
within the spindle.  
It is certainly clear that Augmin mediated microtubule amplification is a key 
process in spindle assembly. In Drosophila, Augmin depletion or augmin mutant 
lines exhibit defective spindle morphology phenotypes including weak elongated 
spindles, increased frequency of monopolarity and abnormal bipolar spindles in 
a variety of cell types. Despite this, the Augmin complex has been described as 
dispensable in somatic mitosis and male meiosis, but has been shown to be 
vital for chromosome alignment in female meiosis (Goshima et al., 2008; 
Meireles et al., 2009; Wainman et al., 2009; Bucciarelli et al., 2009). In the 
absence of functioning centrosomes, Augmin appears to be essential in the 
formation of bipolar spindles (Goshima et al., 2008; Meireles et al., 2009). 
Corresponding phenotypes have been observed in other species, with 
decreased metaphase kinetochore tension, cytokinesis failure and spindle 
multipolarity in humans (Uehara et al., 2009; Lawo et al., 2009). Weak bipolar 
spindles and mulipolar spindles were also observed in Xenopus egg extract, as 
well as incomplete pole separation (Petry et al., 2011), while in plants elongated 
spindles and unconverged poles were seen in Arabidopsis (Hotta et al., 2012)  
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and cytokinesis defects witnessed in the moss Physcomitrella patens (Nakaoka 
et al., 2012).  
The overall contribution of the Augmin generated microtubules to spindle 
formation is not known, neither is the extent to which individual spindle 
assembly pathways rely on Augmin. Using the tools developed in this thesis the 
function of Augmin in chromatin mediated microtubule nucleation can be 
investigated, as can the effects on spindle formation of acutely inhibiting 
Augmin or centrosomal proteins by utilising immunoinhibitory antibody 
injections. This can provide further insight into acentrosomal modes of spindle 
formation and the interactions between individual microtubule nucleation 
pathways.  
 
6.2 Disruption of PCM recruitment results in the formation of aMTOCs 
from which spindles form 
The microtubule nucleating ϒ-TuRC is recruited to the centrosomes by CNN, 
which itself is incorporated into the PCM by DSpd-2 and Asl (Conduit et al., 
2010). In an attempt to limit the input of astral microtubules in spindle assembly, 
this pathway was targeted. The initial approach involved the injection of 
interfering antibodies raised against DSpd-2 (antibodies created by the lab of 
Jordan Raff (Dix & Raff, 2007)). The microinjection apparatus enables for the 
identification of suitable embryos, with injection performed on the same spinning 
disc confocal microscope on which the embryos are imaged. High concentration 
injections of labelled α-DSpd-2 antibody (5mg/ml) resulted in it localising to the 
centrosomes, as would be expected (Figure 6.1A). Surprisingly, under these 
conditions, the centrosomes appear to break-up in the following cycle (Figure 
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6.1A-C), with the α-DSpd-2 antibody localising to the newly formed PCM 
fragments. However, bipolar mitotic spindles form upon re-entry to mitosis. The 
formation of these spindles often occurs from at least four major nucleating sites 
around the nuclear envelope. In some cases it is clear that the predominant 
microtubule nucleating sites are those of the original centrosomes, and spindles 
form immediately in a traditional bipolar manner. However, in many other cases 
it is not clear if any of the original centrosome remains, with many small 
nucleating sites, corresponding to aggregates of anti-DSpd2, going on to form 
the spindle. These exist around the nuclear envelope in a random assortment, 
with spindles originally exhibiting a multi-polar configuration before being sorted 
into a bipolar shape (Figure 6.1A-C). This suggests that, the centrosomal 
fragments, far from becoming inactive, participate in generating microtubules 
that constitute these acentrosomal spindles. 
There is a possibility that these centrosomal fragments are an artefact of 
antibody injection. For instance, it is conceivable that the α-DSpd-2 antibodies 
are clustering DSpd-2, which is unable to localise to the centrioles, but is able to 
recruit CNN which in turn recruits the ϒ-TuRC. To test this, live imaging was 
performed on a cnn mutant line (the null mutant cnnhk21 crossed with the 
hypomorphic cnnmfs7 mutant) expressing EB1-GFP. This line too showed 
multiple nucleating sites characteristically similar to those seen following α-
DSpd2 injections (Figure 6.1D). Again it is clear that microtubules are 
nucleated from multiple sites around the nuclear envelope, with no clear 
sources acting as dominant nucleators. These spindles again begin with a 
multipolar conformation, before being organised into a bipolar spindle.  
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Figure 6.1 Perturbation of PCM recruitment results in spindle formation from 
multiple aMTOCs 
All scale bars are equivalent to 5µm. (A-C) Stills from time lapse movies of embryos 
expressing Tubulin-GFP (green and left hand panel) (A), EB1-GFP (B) or Histone-
RFP (red and right hand panel) and Tubulin-GFP (green and left hand panel) (C) 
injected with 5mg/ml of α-DSpd-2 antibody in a previous mitotic cycle. Antibody is 
labelled in red and can be seen in the right hand panel (A). (D) Stills from time lapse 
movies of an embryo expressing EB1-GFP in a cnnhk21/cnnmfs7 mutant background.  
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Figure 6.2 Immuno-inhibitory injection of interfering α-Dgt6 antibodies are an 
effective tool in stopping Augmin localisation to the spindle 
All scale bars are equivalent to 5 µm. (A) Images of methanol fixed control embryos 
stained with Hoescht for DNA (blue), Tubulin (green and right panel) and with α-Dgt6 
antibodies (red and left panel). Images are of nuclei in interphase, prophase, 
metaphase, anaphase and telophase. (B) Stills from time-lapse movies of Msd1-GFP-
expressing embryos. Msd1-GFP localises to microtubules in interphase (i) and 
metaphase (ii). Following injection of anti-Dgt6 antibodies, Msd1-GFP dissipates from 
all microtubules close to the site of injection during interphase (iii) and mitosis (iv). 
Weak microtubule localisation remains in areas distant (~50 μm) from the site of 
injection (v). 
 
 
 
 
 
 
 
 
170 
 
 
6.3 Injection of antibodies raised against the Augmin component Dgt6 is 
effective in inhibiting the localisation of Augmin to the spindle 
Following the success of α-DSpd-2 antibodies in disrupting PCM recruitment, 
antibodies previously raised against the Augmin subunit Dgt6 were injected into 
embryos (Bucciarelli et al., 2009). The α-Dgt6 antibodies have previously been 
shown to recognise a clear single band of the same predicted size as Dgt6 from 
Drosophila cell culture lysate (Bucciarelli et al., 2009). Fixing wild type embryos 
and immunostaining them with the α-Dgt6 antibodies revealed a localisation that 
is the same as that previously described of the Augmin component Msd1 in 
syncytial embryos (Wainman et al., 2009), with immuno-localisation occuring at 
the centrosomes in interphase, across the spindle and on the centrosomes 
during metaphase and on the central spindle and centrosomes during anaphase 
and telophase (Figure 6.2A). Together, this demonstrates the specificity of the 
antibody. To test whether the α-Dgt6 antibodies are able to perturb the Augmin 
complex, they were injected at 5mg/ml into embryos expressing a GFP-tagged 
version of the Augmin component Msd1, using the same experimental set up as 
previously described for α-DSpd-2 (Figure 6.2B). Close to the site of injection of 
the antibody, Augmin begins to group into cytoplasmic clusters while there is a 
sharp decrease in centrosomal Augmin localisation. In mitosis, spindle 
localisation of Augmin is lost, while the cytoplasmic clusters remain. Augmin 
does not localise to any microtubules around the clusters, suggesting that this 
antibody-bound Augmin is inactive (Figure 6.2Biii, iv). Further away from the 
site of injection cytoplasmic Augmin clusters remain, mostly around the nuclei 
and spindles, while a weak spindle localisation is observed.  
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6.4 Augmin perturbation results in long, weak spindles and metaphase 
arrest, while K-fibers are still formed 
Work on the hypomorphic msd1ex51 allele has demonstrated that when levels of 
Augmin components are reduced, the majority of embryos proceed past mitotic 
cycle 8 but exhibit many defects (with 99% of embryos failing to hatch), most 
notably long mitotic spindles (Wainman et al., 2009) (Figure 6.3A). However, 
null mutants of the Augmin component wac are female sterile, arresting in 
meiosis II (Meireles, et al., 2009), suggesting that Augmin is still retaining some 
of its function in the msd1ex51 line. Spindles in embryos expressing Tubulin-GFP 
and Histone-RFP injected with α-Dgt6 antibodies (Figure 6.3B) phenocopied 
those seen in the msd1ex51 mutant. Here, robust spindle assembly, usually 
attained within 30 seconds, takes substantially longer to occur. Chromosome 
alignment is disrupted, and spindles arrest in a metaphase-like state, 
suggesting the spindle assembly checkpoint is maintained. Analysis of EB1-
GFP expressing embryos injected with the α-Dgt6 antibodies reveal that initial 
centrosomal nucleation appears to be largely unaffected by the lack of 
functioning Augmin (Figure 6.7D), but nucleation from within the spindle is 
severely limited, with substantially less EB1 comets visible (Figure 6.3C-D). 
The most noticeable phenotype observed when Augmin is perturbed is an 
increase in spindle length, as previously reported (Wainman et al., 2009; 
Uehara et al., 2009). This occurs over time, with spindles initially appearing to 
form at a regular length before increasing in size (Figure 6.3A-D). When 
Augmin perturbing antibodies are injected, as opposed to the msd1ex51 mutant, 
spindles arrest in metaphase. These spindles typically either increase in length 
until they break apart, or remain arrested in a long, weak state. Unlike other 
forms of spindle perturbation, such as cold treatment or injection of α-DSpd-2  
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Figure 6.3 Effective perturbation of Augmin by interfering antibody injection 
leads to abnormal spindle phenotypes and metaphase arrest 
All scale bars are equivalent to 5 µm. (A) Stills from time lapse movies of an embryo 
expressing Tubulin-GFP in a msd1ex51 background. (B-C) Stills from time lapse movies 
of embryos expressing Tubulin-GFP (green) and Histone-RFP (red) (B) or EB1-GFP 
(C) injected with 5mg/ml affinity purified antibody raised against the Augmin 
component Dgt6. (D) Example of EB1-GFP kymographs of wild type spindle formation 
until anaphase compared with spindle formation following α-Dgt6 injection. (E-F) Stills 
from time lapse movies of embryos expressing Rod-GFP following control injection 
(BSA at 5mg/ml) (E) and injection of α-Dgt6 antibodies (5mg/ml) (F).  
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antibodies, the Augmin perturbed spindles rarely interact with each other, 
suggesting the irregular attachments seen in other conditions are often the 
result, direct or indirect, of Augmin amplification of microtubules. It could also 
suggest that Augmin, unlike centrosomes or the non-spindle cytoskeleton, is 
dispensable for spindle positioning.  
Another key phenotype seen when Augmin is perturbed is that although 
microtubule density is in general weaker, several thick microtubule bundles are 
present and make up the bulk of the spindle. These have the appearance of K-
fibers, but based on the fact that the spindles arrest it is possible that this is not 
the case and instead they are cross-linked interpolar microtubule bundles.  To 
test whether these large microtubule bundles are K-Fibers, the behaviour of 
Rod-GFP upon Augmin perturbation was examined. Rod is part of the Rod-
Zw10-Zwilch (RZZ) complex, and associates with kinetochores following 
nuclear envelope breakdown in early mitosis. Upon kinetochore-microtubule 
attachment, Rod streams (or sheds) polewards through its interaction with 
Dynein/Dynactin in a microtubule biorientation dependent manner (Basto et al., 
2004). This behaviour was apparent in Rod-GFP expressing embryos injected 
with control protein (BSA) (Figure 6.3E). In Rod-GFP embryos injected with α-
Dgt6 antibodies, microtubule streaming did occur following kinetochore 
accumulation, but was delayed, taking around 60 seconds to initiate in 
comparison to the ~ 30 seconds that it usually takes. When streaming did occur 
it was not always simultaneous across kinetochores, suggesting a partial delay 
in formation of bipolar kinetochore-microtubule attachments. Streaming was 
also stilted and abnormal, with some Rod-GFP punctae moving towards the 
kinetochores instead of away (Figure 6.3F), suggesting an inconstant 
microtubule polarity in these bundles. In the control embryos, the Rod-GFP 
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signal from kinetochores decreased overtime, until streaming stops at anaphase 
initiation (Figure 63E). In the injected embryos this was not the case, with a 
continuous accumulation of Rod-GFP signal at the kinetochores that did not 
decrease over time (Figure 63F).  These results demonstrate that, in the 
Drosophila syncytial embryo, Augmin contributes to, but is not required for, the 
capture of kinetochores by microtubules, chromosome alignment and K-fiber 
formation. Augmin is, however, essential for spindle assembly checkpoint 
satisfaction leading to anaphase initiation.  
6.5 Chromatin mediated microtubule nucleation is Augmin dependent 
The current model of Augmin behaviour suggests that it binds to mitotic 
microtubule regardless of source, leading to the nucleation of fresh 
microtubules. Therefore, a drop in chromatin mediated microtubule nucleation 
might be expected in the absence of Augmin, but would still be observable at a 
reduced level. To test this, mitotic embryos expressing Tubulin-GFP and 
Histone-RFP or EB1-GFP were cold treated as previously described (Figure 
5.2A), and injected with α-Dgt6 antibodies after 75 minutes of cold exposure, 
followed by another 15 minutes on ice. Surprisingly, following this, microtubule 
nucleation in the vicinity of chromatin was completely absent (Figure 6.4A-B), 
with spindle formation occurring entirely from astral microtubules in an 
“outwards-in” manner (Figure 6.4C). Here, spindle assembly occurs within the 
same timescale and in much the same manner as when chromatin mediated 
microtubule was shown to be absent in the d-hurpp line (Figure 5.4A-B), with 
full bipolarity and kinetochore capture only occurring after roughly 3 minutes of 
microtubule nucleation from an entirely centrosomal source.  
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Figure 6.4 Chromatin mediated microtubule nucleation is absent when Augmin 
is perturbed 
All scale bars are equivalent to 5 µm. (A-B) Stills from time lapse movies of embryos 
recovering from cold treatment expressing Tubulin-GFP (green) and Histone-RFP 
(red) (A) and EB1-GFP (B). (C)  Example of EB1-GFP kymographs of spindle 
formation following cold treatment in a control embryo compared with spindle 
formation after cold treatment following α-Dgt6 injection. 
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Figure 6.5 Augmin perturbation does not affect GFP-D-HURP localisation 
following cold treatment, while perturbation of Augmin and D-HURP results in 
spindle collapse 
All scale bars are equivalent to 5 µm. (A) Stills from time lapse movies of spindles in 
a GFP-D-HURP expressing embryo cold treated and injected with α-Dgt6 antibodies. 
GFP-D-HURP exhibits typical chromatin localisation patterns, before dissipating into 
the nuclear area and localising to astral microtubules. (B) Stills from time lapse movies 
of EB1-GFP expressing d-hurpp mutant embryo injected with α-Dgt6 antibodies.  
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6.6 Loss of Augmin function does not affect D-HURP accumulation on 
chromatin following cold treatment, while perturbation of Augmin and D-
HURP leads to spindle collapse 
As the phenotypes seen following cold treatment in d-hurpp embryos and 
embryos injected with α-Dgt6 antibodies are so similar, the localisation of GFP-
D-HURP following cold treatment in Augmin perturbed embryos was 
investigated. Following cold treatment, D-HURP localises to chromatin from 
where it appears to be a mediator of microtubule nucleation. It is possible that 
Augmin is required for this localisation. After cold recovery of GFP-D-HURP 
embryos injected with α-Dgt6 antibodies, D-HURP localisation to chromatin is 
unaffected (Figure 6.5A). After around a minute of recovery, GFP-D-HURP 
begins to slowly dissipate off of the chromatin (Figure 6.5A). GFP-D-HURP 
then localises to astral microtubules within the nuclear region, going on to form 
a bipolar structure. This demonstrates that the lack of chromatin mediated 
microtubule nucleation following Augmin perturbation is not the result of D-
HURP mis-localisation.  
Spindles in d-hurp embryos are significantly shorter than their wildtype 
counterpart (Figure 4.3), whereas embryos devoid of functioning Augmin 
exhibit longer spindles. This is despite the fact that in at least one respect they 
are active within the same spindle assembly pathway. To test what happens 
when both are perturbed simultaneously, d-hurpp embryos expressing EB1-GFP 
were injected with α-Dgt6 antibodies. In this case, spindles began to form after 
a delay, as is typically seen when Augmin is perturbed. Following this, spindles 
assemble in a bipolar conformation, but steadily decrease in size (Figure 6.5B). 
This occurs until the centrosomes have collided. Typically these collapsed 
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spindles coalesce with those originally from other spindles to form a large mass 
of nucleating centres (Figure 6.5B). As Augmin appears to be required for 
general microtubule robustness, these findings add further evidence that D-
HURP is required for stability of K-fibers, as without sufficient K-fiber flux 
interpolar microtubules, although weakened as a result of the absence of 
Augmin, pull the spindle inwards resulting in collapse. 
 
6.7 Spindle formation from aMTOCs is Augmin dependent 
As has already been described above (6.2), perturbation of PCM recruitment 
leads to multiple cytosolic nucleation sites from which spindles form. To test 
whether Augmin has a significant role in supplementing the microtubules 
required for spindle assembly in these conditions, cnn embryos expressing 
EB1-GFP (described above, 6.2) were injected with α-Dgt6 antibodies. 
Surprisingly, although the previously described cytosolic nucleating sites still 
existed around chromatin in interphase after the antibody injection, following 
nuclear envelope breakdown they failed to nucleate any microtubules, with no 
EB1 comets visible (Figure 6.6A). This suggests that following PCM 
recruitment perturbation, spindle formation from aMTOCs is Augmin driven.  
 
 
 
 
 
Figure 6.6
  
 
 
 
 
 
 
 
Figure 6.6 Spindle formation from aMTOCs following PCM recruitment 
perturbation is Augmin dependent 
(A) Stills from time lapse movies of an EB1-GFP expressing cnnhk21/cnnmfs7 mutant 
embryo injected with α-Dgt6 antibodies. NEB is determined by the influx of EB1 into 
the nuclear space. Scale bars are equivalent to 5 µm. 
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6.8 When astral input is limited by low concentration injections of α-
DSpd2 antibodies and cold treatment, transient bipolar spindles form in 
an Augmin dependent manner.  
It has previously been shown in this chapter that inhibition of PCM recruitment 
by high concentration injection of α-DSpd2 antibodies leads to centrosome 
break-up. This provides an excellent tool to assess the nature of spindle 
formation from multiple cytosolic aMTOCs, but fails to reveal how or if spindles 
can form with a reduced astral input. To investigate this, α-DSpd2 antibodies 
were injected at a lower concentration (~1-2mg/ml). Upon this lower 
concentration injection of α-DSpd2 antibodies into embryos expressing EB1-
GFP, spindles still form predominantly from asters (Figure 6.7A). These 
spindles are smaller and less dense than those in non-injected embryos, but still 
mostly achieve bipolarity and progress through at least one mitotic cycle. It is 
difficult to accurately measure the extent of microtubule nucleation from 
centrosomes because of the large scale of nucleation within this system and the 
resolution limits of microscopy in living samples. Despite this, a method was 
developed to measure whether a drop in centrosomal nucleation actually occurs 
upon this low concentration injection of α-DSpd2 antibodies. The total 
fluorescence of an ROI of diameter 6 μm with the centrosome at its centre was 
measured every two seconds within the first 30 seconds of regrowth after cold 
treatment in control embryos. From this value, the total fluorescence of the 
centrosome (ROI diameter 3 μm) was subtracted and the fluorescence 
normalised against background noise (Figure 6.7D). This was repeated for 
EB1-GFP expressing mitotic embryos cold treated and injected with α-DSpd2 
antibodies following 75 minutes of cold exposure, followed by another 15 
minutes cold exposure as was previously performed with α-Dgt6 antibodies 
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(Figure 6.4A). From this analysis, it is clear that upon perturbation of 
centrosomes, their nucleation is decreased by around 25% within the first 30 
seconds of cold recovery (Figure 6.7B, D). Injecting low concentrations of α-
DSpd2 antibodies therefore provides a tool with which to monitor the dynamics 
of spindle formation upon limited astral input (Figure 6.7B-C). In cold-treated 
embryos expressing EB1-GFP or Tubulin-GFP and Histone-RFP, in which 
astral input is limited, microtubules originating from the area around chromatin 
begin to form a transient bipolar barrel shaped structure with an extremely 
limited astral input. These structures persist for as long as 2 minutes, but fail to 
align chromosomes (Figure 6.7C). In some cases contact between chromatin-
generated microtubules and astral microtubules does occur, but this results in 
the collapse of these structures, as they coalesce with a single focus (Figure 
6.7B-C). In a number of cases, individual chromosomes have been observed 
becoming independent from the spindle structures, instead moving across the 
cytoplasm. 
Previously in this chapter it has been shown that Augmin is required for both 
nucleation from aMTOCs and chromatin mediated microtubule nucleation, as 
well as for supplementing astral microtubules to enable stable spindle formation 
and spindle assembly checkpoint satisfaction. It is therefore not surprising that 
when cold treated embryos injected with low concentrations of α-DSpd2 
antibodies were also injected with α-Dgt6 antibodies against Augmin, the 
previously described transient bipolar structures did not form (Figure 6.7F). 
What is most striking is that no spindle structures were seen at all, with the few 
remaining asters either interacting with neighbouring ones, or small asters 
simply existing as single entities. This shows that when astral nucleation is 
decreased, Augmin is essential for forming spindle structures.  
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Figure 6.7
Figure 6.7 The level of chromatin mediated microtubule nucleation is increased 
when astral input into spindle formation is limited 
All scale bars are equivalent to 5 µm. (A) Stills from time lapse movies of an EB1-GFP 
expressing embryo injected with α-DSpd-2 antibodies at a low concentration (1mg/ml). 
(B-C) Spindle formation following cold treatment in embryos expressing EB1-GFP (B) 
or Tubulin-GFP (green and left hand greyscale panel) and Histone-RFP (red and right 
hand greyscale panel) (C) injected with low levels of α-DSpd-2 antibody. (D)(i) Graphs 
quantifying the level of centrosomal nucleation in control embryos expressing EB1-
GFP in the first 15 seconds recovering from cold treatment and embryos injected with 
low levels of α-DSpd-2 or α-Dgt6 antibodies recovering from cold treatment or d-hurp 
embryos recovering from cold treatment. N=3 embryos for each condition, with at least 
18 centrosomes measured per embryo. Error bars = S.E.M. calculated based on an n 
of 3. (iv) Representation of techniques used to measure centrosomal nucleation. 
Fluorescence within a circle around the centrosome of a diameter of 6µm is measured. 
Subtracted from this is the fluorescence of the centrosome itself (circle of diameter 
3µm). The resulting value is normalised against the average length of EB1 comets in 
these conditions (measured in Figure 6.9). (E) Line graph showing fluorescence in the 
area around chromatin in EB1-GFP expressing cold treated control embryos and 
embryos injected with low levels of α-DSpd-2 antibody. The area of microtubules 
around chromatin is measured 30 seconds after recovery from cold treatment begins, 
and it is the fluorescence within this area that is measured for the 30 seconds before. 
n=3 embryos for each condition with at least 8 spindles measured for each. Error bars 
= S.E.M. with n of 3 for each condition. (F) Stills from time lapse movies of embryos 
expressing EB1-GFP injected with both α-Dgt6 antibody and low levels of α-DSpd-2 
antibody, recovering from cold treatment. 
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6.9 Chromatin driven microtubule nucleation increases upon reduction of 
astral microtubule nucleation 
One of the most noticeable observations seen when cold treated embryos are 
injected with low concentrations of α-DSpd2 antibodies is a significant increase 
in the intensity of EB1 comets originating from around chromatin. This suggests 
that during microtubule regrowth, the reduced levels of astral nucleation leads 
to an increase in the amount of microtubules originating from chromatin 
mediated microtubule nucleation. This was subsequently confirmed through 
measurement of fluorescence within the area around chromatin (Figure 6.7E), 
which showed that although nucleation rates around chromatin reach a roughly 
equal steady state after around 30 seconds in both injected and non-injected 
embryos, initial nucleation rates are significantly increased when centrosomes 
are perturbed. This was measured by recording the fluorescence within the area 
in which chromatin nucleated microtubules occupy following 30 seconds of 
regrowth from the beginning of cold recovery to that 30 seconds.  
6.10 EB1 comets are longer and faster when spindle assembly pathways 
are perturbed 
To test whether an inverse relationship exists between centrosomal nucleation 
levels and the extent of chromatin mediated microtubule nucleation, previous 
time-lapses were re-visited. It appeared as though, following cold treatment, 
EB1 comets emanating from centrosomes in cold treated embryos injected with 
α-Dgt6 antibodies were substantially longer than those of non-injected cold 
treated embryos (Figure 6.8A). This was subsequently demonstrated in a 
quantitative analysis (Figure 6.8B), performed by measuring the length of astral 
EB1-GFP comets within the first 30 seconds of cold treatment recovery. Here it 
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can be seen that there is an increase in the length of EB1 comets following cold 
treatment. There is also an increase in the comet length when microtubule 
generation is reduced via any perturbation. In the case of d-hurp embryos this 
change is relatively small and barely significant, despite the fact that chromatin 
mediated microtubule nucleation is virtually absent. The increase in comet 
length is also comparatively small in the case of the low concentration α-DSpd2 
injections. However, when Augmin is perturbed, there is a ~80% increase in the 
length of the EB1 comets in comparison to control embryos. This increase in 
length is further exaggerated when centrosomal nucleation is concomitantly 
decreased, with a ~150% increase in the length of these comets compared to 
those seen in normal cold treated embryos.  
It has previously been shown that increased EB1 comet length correlates with 
increased rates and faster speeds of microtubule nucleation (Bieling et al., 
2007). Whether this was true in embryos was tested by measuring the velocity 
of comets in wild type embryos, embryos recovering from cold treatment and 
embryos recovering from cold treatment injected with α-Dgt6 antibodies, 
injected with α-Spd2 antibodies, injected with both antibodies and d-hurp 
embryos (Figure 6.8C). This confirmed that in these embryos, conditions that 
increased the length of EB1-GFP comets also increased the speed of the 
comets. Cold treated embryos, for instance, exhibited a ~75% increase in 
velocity compared to their cycling counterparts, with corresponds to a ~110% 
increase in comet length. Similarly, EB1 comets in cold treated embryo injected 
with α-Dgt6 antibodies were ~ 40% faster than the comets non-injected cold 
treated embryos. This demonstrates that when one microtubule nucleating 
pathway is removed, others appear to be able to concurrently compensate for 
their loss. 
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Figure 6.8 EB1 length and velocity increase following spindle assembly pathway 
perturbation 
(A) EB1-GFP comets in control (WT) embryos, control embryos immediately following 
cold treatment and embryos injected with anti-Dgt6 antibodies immediately following 
cold treatment. Scale bars are equivalent to 5 µm.  (B) Histogram of mitotic EB1-GFP 
comet length under different conditions. Curves to the right represent the histogram 
trends for comparison of data sets; the table below shows mean comet length and 
statistical significance between samples of interest. (C) Histogram of EB1-GFP comet 
velocity for control (WT) cycling embryos (wt metaphase spindle), and a number of 
different conditions following cold treatment recovery. Scale bars, 5 μm. Curves to the 
right represent the histogram trends for comparison of data sets; the table below 
shows mean comet velocities of the samples of interest. 
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6.11 Discussion 
Augmin is an 8 subunit complex that has been suggested to bring the 
microtubule nucleating γ-TuRC to pre-existing microtubules, facilitating 
microtubule dependent microtubule amplification. It has previously been 
demonstrated to have an important role in the formation of the mitotic spindle. 
For example, RNAi in Drosophila S2 cells and analysis of the hypomorphic 
msd1ex51 allele have revealed that when Augmin is partially depleted, spindles 
are generally weak and exhibit a higher level of defects (Wainman et al., 2009). 
Studies have also shown that Augmin is essential for building spindles in 
systems devoid of functioning centrosomes (Goshima et al., 2008; Meireles et 
al., 2009). Despite this, exactly how Augmin contributes to spindle formation, 
and how important Augmin mediated microtubule amplification is in spindle 
assembly, is unknown. 
The acute immuno-inhibitory injections against Augmin shown here have 
proven to be an effective tool with which to accurately inhibit Augmin function in 
the Drosophila syncytial embryo without the pleotropic phenotypes that have 
previously been observed in mutant lines (Wainman et al., 2009). Similarly to 
previously observed mutant and RNAi phenotypes, Augmin immuno-inhibition 
results in long and weak mitotic spindles which are delayed in their formation. 
Another phenotype, which had previously not been reported in other 
centrosomal systems, was a metaphase arrest of spindles formed in the 
absence of functioning Augmin. The reason this has not been reported before is 
probably because this is one of the most complete depletion of functioning 
Augmin seen in vivo to date, while the Drosophila embryo may also have a 
greater dependence on Augmin than other cell types. The reason why the 
spindle assembly checkpoint is unsatisfied in these conditions is uncertain. As 
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seen when α-Dgt6 is injected into Rod-GFP expressing embryos, K-fibers are 
still formed when Augmin is perturbed. It is clear though that Rod polar 
streaming is delayed and asymmetrical in its initiation, the eventual streaming 
atopic with some punctae even streaming in the wrong direction, as well as 
abnormal Rod accumulation around kinetochores and the plus ends of K-fibers. 
It is possible that the cause of this atopic Rod streaming and failure to satisfy 
the spindle assembly checkpoint is due to Augmin's role in supplementing K-
fibers, stabilising them in a manner allowing SAC components to be transferred 
polewards. However, from visualisation of Tubulin-GFP and EB1-GFP, it is clear 
that there are robust K-fibers present in all cases. It suggests instead that 
interpolar microtubules and the general non-K-fiber microtubule mass are 
substantially reduced. It could therefore be the case that shorter non-K-fiber 
microtubules generated by Augmin form the bulk of the spindle and act to 
transfer force to individual kinetochores through force on the spindle as a whole. 
It has recently been shown that the ability of spindles to transmit force is 
reduced when the numbers of short non-K-fiber microtubules are reduced 
(Shimamoto et al., 2011). Interestingly, in fixed Drosophila S2 cells, streaming 
of the RZZ component Zw10 was reported to be absent upon RNAi perturbation 
of Dgt6 (Bucciarelli et al., 2009). These cells do not arrest, so it is likely that 
some streaming was present and simply not observed, however this does 
reflect that in another cell type there are clear defects in either K-fiber formation 
or microtubule-kinetochore tension/attachment. 
More evidence that Augmin has a role in nucleating non-K-fiber microtubules 
that may go on to form large parts of the spindle comes from analysis of 
microtubule re-growth following cold treatment. Typically, microtubules are seen 
emanating from the region around chromatin following cold induced microtubule 
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depolymerisation. In the syncytial embryo, there is no evidence that they are 
originating directly from kinetochores. In fact EB1 movement away from the 
chromatin region makes this highly unlikely as microtubules emanating from 
kinetochores would be expected to move in a minus end first manner, with the 
EB1 saturated plus end attached to kinetochores. Although it is possible that all 
these microtubules eventually form K-fibers, it is more likely that some of them 
contribute more to building up the spindle as a strong, stable structure. I have 
shown that Augmin is essential in generating these microtubules. Therefore, at 
least in this experimental system, conditions exist whereby short microtubules 
seeds, probably created by D-HURP and generated in the vicinity of chromatin, 
are the template onto which Augmin can bind to with the γ-TuRC and nucleate 
new microtubules. This process might be present in normal cycling embryos 
(although it is almost certainly exaggerated following cold treatment), but the 
findings in this chapter make it difficult to interpret whether this is the case. It is 
possible that it is these Augmin generated microtubules that are responsible for 
increasing the force transmitting ability of the spindle as a whole leading to 
spindle assembly checkpoint satisfaction. An alternative explanation would be 
that Augmin is simply required to amplify interpolar and other non-K-fiber 
microtubules. Based on the lack of any evidence of discrimination/preference of 
Augmin for certain sub-populations of spindle microtubules, it is likely that 
Augmin is in part responsible for supplementing K-fibers and asters and 
increasing the spindle bulk by amplifying microtubule seeds formed around 
chromatin and amplifying pre-existing interpolar microtubules.  
Interestingly, it has previously been suggested that Augmin does not have a 
role in chromatin mediated microtubule nucleation (Goshima et al., 2008). 
These experiments in Drosophila S2 cells depleted of both CNN and Dgt5 by 
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RNAi reported microtubule regrowth occurring from around chromatin 
(predominantly from kinetochores) following microtubule depolymerisation by 
colcemid. However, this is in contrast to a further study in S2 cells which 
showed microtubule nucleation from kinetochores to be substantially reduced 
when Dgt6 was perturbed by RNAi (Bucciarelli et al., 2009). It is therefore 
possible that, in the 2008 study by Goshima et al., a residual amount of 
functional Augmin remained despite the RNAi interference and that these 
microtubules were in fact Augmin mediated (Weiss et al., 2007). Indeed, based 
on the finding presented in this chapter the argument that all these kinetochore 
emanating microtubules are Augmin generated seems more plausible.  
In respect to chromatin mediated microtubule nucleation, Augmin and D-HURP 
appear to exist within the same pathway. Despite this, the phenotypes 
associated with reducing each of these proteins differ; loss of Augmin results in 
long spindles, whereas loss of D-HURP leads to short spindles. When both are 
perturbed simultaneously, the mitotic spindles begin to form a bipolar structure, 
but quickly collapse, until eventually all embryonic centrosomes coalesce. The 
reason for this probably arises because different populations of microtubules 
rely on each spindle assembly component. D-HURP can stabilise and bundle 
microtubules. This, along with the suggested role of HURP in vertebrates, 
implies that D-HURP most effects K-fiber formation. As already discussed, in 
Drosophila syncytial embryos spindle length is thought to be dependent on the 
balance between outward pushing forces, for instance microtubule flux at K-
fibers and Klp61F interactions with anti-parallel microtubules, and inwards 
pulling forces including NCD interactions with anti-parallel microtubules and 
microtubule minus end depolymerisation (Brust-Mascher & Scholey 2002; 
Brust-Mascher et al., 2009; Sharp et al., 1999, Sharp et al., 2000; Goshima & 
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Scholey, 2010). Therefore even a slight delay or perturbation in K-fiber 
formation could result in a net inwards force, causing a shortening of mitotic 
spindles. Conversely, in the absence of functioning Augmin, there is a 
substantial drop in the in the levels of non-K-fiber microtubules. It is these 
microtubules that usually contribute a net inwards force. Therefore, when their 
density is decreased, spindles become longer. There is however, in the 
absence of functioning Augmin, also delayed and potentially defective K-fiber 
formation. When Augmin alone is perturbed, stabilising factors such as D-HURP 
are able to partially stabilise K-fibers, resulting in a net outwards force. When D-
HURP is also lost, this outwards force is almost completely absent, so the weak 
but still present inwards force of anti-parallel non-K-Fiber microtubules results in 
an inwards movement of the adjacent centrosomes.  
Another surprising revelation about Augmin is its essential role in microtubule 
nucleation and spindle formation from (aMTOCs). Upon perturbation of PCM 
recruitment, either genetically or through inferring antibody injection, 
centrosomal break-up occurs. Based on work in Chapter 5 demonstrating the 
existence of chromatin mediated microtubule nucleation in this system, it might 
have been expected that spindles form from microtubules generated around 
chromatin in an inwards-out manner when centrosomes are perturbed. 
However, this was not the case, with the multiple cytosolic PCM fragments 
retaining a microtubule nucleating capacity. It is from these microtubules that 
spindles then form. The nature of these aMTOCs is most reminiscent of those 
involved in meiotic spindle formation in mouse oocytes. In these cells, 
microtubule organising centres are generated from the “interphase-like” 
microtubule network before NEB. Subsequent to NEB, there is a Ran-
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dependent increase in the microtubule mass. This microtubule mass is then 
organised into a barrel shaped spindle (Schuh & Ellenberg, 2007).  
Spindle formation from aMTOCs has also been observed previously in 
Drosophila acentrosomal cell lines and those subjected to RNAi against PCM 
components (Moutinho-Pereira et al., 2009). These aMTOCs however appear 
to have a relatively small role in spindle formation, their main function being 
suggested to act as a sink for Tubulin during microtubule depolymerisation. 
Interestingly, spindle formation from aMTOCs has not been previously 
described in Drosophila syncytial embryos, despite the fact that mutant alleles 
for PCM components such as cnn were first described fifteen years ago. The 
original research of the cnnhk21 and cnnmfs7 mutants both focused on fixed 
metaphase spindles, concluding that spindles were probably formed from 
chromosomally originating microtubules (Megraw et al., 1999; Vaizel-Ohayon & 
Schejter, 1999). Later work demonstrated that cnn mutants can still recruit PCM 
components, but that these components cannot stay attached to the centrioles 
(Lucas & Raff, 2007). This supports the idea that the clusters seen in this 
chapter are in fact formed from PCM, but does not give any ideas as to how 
spindles are forming in the presence of these PCM clusters. It has recently 
been shown that CNN is recruited to the centrioles by Asl and D-Spd-2 (Conduit 
et al., 2010). It is therefore highly likely that the clusters seen following 
interfering α-D-Spd-2 antibody injections are the result if an inability to recruit 
PCM that will stay attached to the centrioles.  
It is fair to say that in typical Drosophila syncytial embryonic mitotic spindle 
formation, aMTOCs probably do not play a role. It is however yet another 
example of the robustness of spindle formation, whereby the directional cues 
usually seen from centrosomes are lost and potentially the entire mechanisms 
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by which the microtubules are organised change in order to form a functioning 
mitotic spindle. What is perhaps more surprising is that this process is Augmin 
dependent.  
The most likely explanation for this is that when the PCM is broken up into 
aMTOCs, they lose a large degree of their ability to recruit the ϒ-TuRC, thus 
significantly reducing their nucleating capacity. However, the remaining 
microtubules can act as recruitment interfaces for Augmin and therefore fresh ϒ-
TuRC, resulting in more microtubule nucleation. Further investigation will be 
required to understand why these cytosolic PCM clusters cannot nucleate 
microtubule to a sufficient degree independently.  
Augmin generated microtubules also have a key role in the establishment of 
transient bipolar structures that form following cold treatment when astral input 
has been limited. Considering the versatility which the spindle has already been 
shown to possess in this chapter, it is surprising that these bipolar structures 
are only transient and do not mature into functional spindles. It is possible that 
this is due to a lack of bipolarity cues from the centrosome, however there do 
not appear to be directional cues when spindles form from aMTOCs, so this 
explanation seems unlikely. It could be that the structures fail because of an 
eventual interaction with single centrosomes, resulting in monopolar spindles. It 
is also conceivable that microtubules generated almost entirely in the vicinity of 
chromatin are not polymerised at levels high enough, implying the existence of 
a minimal threshold of microtubules required to build a stable bipolar spindle.   
One of the most surprising aspects of mitotic spindle formation uncovered by 
the work in this Chapter is that the loss of microtubules from one pathway 
results in an increase in dynamics of the remaining microtubules. Specifically, 
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chromatin mediated microtubule nucleation increases following the perturbation 
of centrosomes while EB1 comet lengths and velocities, which are symptoms of 
increased microtubule nucleation (Bieling et al., 2007), increases when Augmin 
and other spindle assembly components are perturbed. There are a number of 
potential explanations for this behaviour. Superficially the most obvious reason 
is that there is an increase in cytoplasmic free tubulin (or another potential 
limiting factor such as Tubulin.GTP dimer) due to the decreased incorporation 
through the disrupted pathway (Walker et al., 1988).  However, the distinct 
nature of the syncytial embryo, with its shared cytoplasm, high levels of 
maternally contributed protein required for multiple mitotic cycles and high 
diffusion rates of Tubulin-GFP, suggests that the explanation is unlikely to be 
that simple (Hallen et al., 2008). Additionally, if flux through remaining pathways 
increased upon loss of others solely because of greater availability of 
resources, then immediately following cold treatment there will be no 
differences in the availability of resources available to spindle assembly 
pathways, so at these early time points the rate of nucleation from the intact 
pathways should be equal in all conditions. However, this is not the case, with 
significantly increased nucleation rates around chromatin and greater EB1-GFP 
comet lengths and velocities from the onset of cold recovery. This raises the 
possibility that cells can actively monitor and respond to the perturbation in the 
levels of microtubule generation within the spindle.  
How might these individual examples of increased microtubule nucleation work? 
In the case of chromatin mediated microtubule nucleation D-HURP stands out 
as a possible intrinsic positive feedback mechanism. D-HURP at the 
chromosomes following cold treatment is a modulator of chromatin mediated 
microtubule nucleation. It is conceivable that upon stable organisation of K-
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fibers, D-HURP is transported polewards, perhaps even losing its activity in the 
process as it moves further from the high concentrations of Ran-GTP that 
surrounds chromosomes (Trieselmann & Wilde, 2002). However, no evidence 
of D-HURP streaming was obtained in the course of this project, so this is 
currently an untested hypothesis. Increased nucleation of microtubules by 
centrosomal asters could be the result of reduced Augmin localisation to these 
microtubules. There is evidence in vertebrate systems that the microtubule plus-
end master regulator EB1 is transported towards microtubule plus ends by 
kinesin-8 motors (Stout et al., 2008). If the movement of kinesins is typically 
partially disrupted by the presence of Augmin binding to microtubules, then it 
would be conceivable that a reduction in Augmin could lead to a faster and 
greater degree of transportation of factors associated with microtubule growth 
such as EB1. Again, this hypothesis remains untested. Another possibility is 
that there is a whole cell response to drops in microtubule nucleation, 
increasing the levels of microtubule nucleating factors available from the 
maternally contributed pool within a single mitotic cycle. Such acute changes 
would have to be the result of post-translational modifications such as the 
change in phosphorylation status of a number of mitotic proteins. Therefore, 
investigation of kinases or phosphatases as the detectors and/or regulators of 
this process could be an interesting route of enquiry.  
Throughout this chapter it has been demonstrated that multiple mitotic spindle 
assembly pathways can exist within a single system and contribute to spindle 
assembly. These pathways are highly versatile and help contribute to the 
flexibility of spindle formation. The microtubule dependent microtubule 
amplifying complex Augmin has been shown to be essential for the function of 
all but one of these pathways. The importance of Augmin and the increases in 
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microtubule nucleation from generating pathways, potentially in response to the 
perturbation of others, suggest that one of the most important aspects of spindle 
formation is acquiring a critical mass of microtubules, without which spindle 
formation will be unsuccessful. The source of these microtubules is typically 
centrosomal, but they can come from any source.  
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Chapter 7: 
 
Discussion 
 
This thesis set out to dissect the mitotic spindle assembly in the Drosophila 
syncytial embryo and explore the pathways that are able to contribute to spindle 
assembly. 
While identifying a Drosophila homologue of the SAF TPX2 (D-TPX2) and 
characterizing another Drosophila SAF, D-HURP, a previously undescribed 
route of spindle assembly in the Drosophila syncytial embryo was discovered, 
whereby microtubules are generated in the vicinity of chromosomes. This 
process is dependent on Ran-GTP, D-HURP and the microtubule amplifying 
complex Augmin, but not D-TPX2, in contrast to its vertebrate counterpart. 
Augmin was also demonstrated to be required for microtubule polymerization 
and spindle assembly from the cytoplasmic acentrosomal microtubule 
organizing centres that form when centrosome maturation is perturbed. As well 
as demonstrating that multiple pathways exist in what superficially appears to 
be a centrosomally dominated system, this work has also shown that when a 
single one of these pathways is perturbed, others can compensate for their loss 
by increasing the rates of microtubule nucleation.  
This discussion will focus on the wider role of SAFs in Drosophila and explore 
the similarity of their function with that of their vertebrate homologues, focusing 
on their role in acentrosomal spindle formation and microtubule nucleation in 
the vicinity of chromosomes. Additionally, the role of Augmin in spindle 
assembly will be assessed in the context of Drosophila syncytial embryonic 
spindle formation and metazoan spindle formation as a whole.  Finally, the 
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possible existence of synergistic spindle regulation, as suggested by data 
presented in this thesis, will be explored, as will the differences in the spindle 
assembly requirements of various systems and how this might affect the nature 
of spindle assembly pathways and their interactions.  
 
The role of SAFs in the Drosophila syncytial embryo 
In vertebrates, there are a number of Ran-GTP dependent SAFs, including 
TPX2, HURP and NuSAP. These proteins have been implicated in a number of 
different processes and perform various functions. One common feature shared 
by these proteins is that they have been implicated in the nucleation or 
stabilization of microtubules around chromatin in a Ran-GTP dependent 
manner. In Xenopus egg extract microtubule nucleation around chromatin is 
substantially decreased if either TPX2, HURP or NuSAP is depleted (Gruss et 
al., 2001; Koffa et al., 2006; Ribbeck et al., 2007). How they are involved in this 
microtubule nucleation is uncertain. Indirect evidence that TPX2 is involved in 
microtubule nucleation comes from depletion experiments in HeLa cells, where 
GTP loaded Ran levels were increased in mock depletion and TPX2 depleted 
conditions. In this situation, aster length actually increases when TPX2 is 
depleted, suggesting that the free Tubulin pool is depleted by TPX2 (Gruss et 
al., 2002). More recent preliminary work suggests that TPX2 acts to extend 
what might be self-assembling microtubule seeds, (Wieczorek & Cheeseman, 
personal communication). Additionally, HURP has been shown to nucleate 
fresh microtubule sheets (Santarella et al., 2007) which have been suggested to 
wrap around and stabilize existing microtubules, but which could, given the 
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results of this thesis, also act as a platform onto which Augmin could bind in an 
otherwise microtubule free environment.   
In this thesis, a viable Drosophila TPX2 homologue has been identified (D-
TPX2/Mei-38/SSP1) whilst the role of the Drosophila HURP (D-HURP/Mars) 
homologue has been further explored. 
Surprisingly, based on the relative importance of TPX2 in vertebrates, the role 
of D-TPX2 in syncytial embryonic spindle assembly appears to be limited, with 
the only noticeable defects resulting from its absence being shorter mitotic 
spindles and an inability to organize a bipolar spindle during microtubule 
regrowth following cold treatment. This is in stark contrast to vertebrate TPX2 
where microtubules cannot form around chromatin in its absence. Despite this, 
biochemically D-TPX2 behaves very similarly to the C-terminal of TPX2, 
stabilizing and binding to microtubules as demonstrated in this thesis as well as 
bundling pre-existing microtubules (Goshima, 2011). However, it does not 
directly interact with Aurora A, an important characteristic of the N-terminal of 
vertebrate TPX2. Based on this and the fact that a TPX2 like protein has been 
characterized in C. elegans which exhibits the N-terminal but not C-terminal 
traits of TPX2 (Özlü et al., 2005) it is possible that in lower metazoans two 
separate proteins fulfil the roles of TPX2. In this case it would be likely that an 
as of yet unknown Aurora A and Dynein interacting protein responsible for 
activating Aurora A and transporting it to the poles is present in Drosophila. I 
prime candidate for this role would be Bora (Hutterer et al., 2006). Another 
possibility is that, unlike in vertebrates, Drosophila Aurora A loses either its 
susceptibility to PP1 dephosphorylation via a TPX2 independent mechanism or 
is not susceptible in the first place. Under this scenario Aurora A polar transport 
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would have to be through either a direct or as of yet unknown indirect 
interaction between Aurora A and Dynein.   
Based on the cold recovery phenotypes of the d-tpx2 mutant and the 
biochemical characteristics of the protein it appears that the predominant role of 
D-TPX2 in Drosophila embryos may be to bundle microtubules (Figure 7.1A-B). 
This conclusion was also reached following work in Drosophila S2 cells 
(Goshima, 2011) and agrees with findings in the Drosophila oocyte (Wu et al., 
2008b). Why does D-TPX2 not have an essential role in stabilizing microtubules 
in Drosophila unlike its vertebrate homologue? It is possible that the Drosophila 
HURP homologue is compensating for this role.  
HURP, as interpreted from the resulting phenotypes of its absence and the 
proteins biochemical characteristics, appears to have very similar functions to 
TPX2, although the localization of the proteins suggests HURP may be more 
important for prolonged K-fiber stability following initial spindle formation (Silljé 
et al., 2006; Wong & Fang, 2006). Despite the similarities of these proteins, 
their function in the nucleation of microtubules in the vicinity of chromosomes 
has been described as non-redundant (Casanova et al., 2008). The Drosophila 
HURP homologue (D-HURP/Mars) appears to perform an essential role in 
chromatin mediated microtubule nucleation without any input required from D-
TPX2. Biochemically, D-HURP can bind to and stabilize microtubules, while 
previous reports suggest that it is a key K-fiberstabilizer in Drosophila S2 cells 
(Yang & Fan, 2008). Why is it that in vertebrates at least two SAFs are required 
for chromatin mediated microtubule nucleation, whereas only one can be 
identified in Drosophila? One possibility is that in vertebrates, the formation of 
the HURP complex is essential for the function of both TPX2 and HURP, 
especially in the earlier stages of spindle formation and in chromatin mediated 
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microtubule nucleation. Immunoprecipitation experiments in this thesis have 
demonstrated that it is highly unlikely that an equivalent complex exists in 
Drosophila, and therefore it might be the case that in this system D-HURP can 
fully function in the absence of D-TPX2. Another possibility is that due to the 
different localizations of TPX2 (polar) and HURP (towards microtubule plus 
ends) in vertebrates (Whittmann et al., 2000; Silljé et al., 2006) two SAFs are 
needed at these different spatial zones. In Drosophila embryos, D-HURP and 
D-TPX2 are found relatively ubiquitously across the spindle, which may have 
led to a degree of redundancy for D-TPX2, with D-HURP becoming the 
“dominant” SAF.  
What can be concluded about the roles of SAFs in Drosophila spindle 
assembly? Cold treatment recovery of mitotic spindles reveals that D-HURP is 
required for chromatin mediated microtubule nucleation in what is likely to be a 
Ran-GTP dependent mechanism. How it does this is uncertain; D-HURP could 
be involved in directly nucleating microtubules or microtubule seeds or even in 
anchoring microtubules to chromatin much like a chromokinesin (Figure 7.1A-
B). It appears as though D-HURP is upstream of Augmin in chromatin mediated 
microtubule nucleation, and as there is insufficient evidence to suggest a direct 
interaction between D-HURP and Augmin components it is possible that D-
HURP is responsible for nucleating or stabilizing short microtubule seeds which 
themselves are unable to reach steady state elongation but which can act as a 
docking point for Augmin. It is through Augmin’s recruitment of the γ-TuRC that 
new microtubules are nucleated. What is interesting is that D-HURP, unlike D-
TPX2, appears not to be required for spindle organization following cold 
treatment recovery. However, as the spindle is primarily formed from internally 
generated microtubules that are self-organized in d-tpx2 conditions (whereas in 
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d-hurp conditions the spindles are generated almost exclusively from astral 
microtubules), D-TPX2 must be required for effective spindle self-organization 
but the role of D-HURP in this process cannot be ascertained (Figure 7.1A-B). 
As the role of chromatin mediated microtubule is questionable in “normal” 
cycling mitotic spindles, it is safest to conclude that, as SAFs, D-TPX2 and D-
HURP both provide stability to K-fibers throughout mitosis, and are probably 
both involved in their initial formation and bundling. D-HURP may also 
contribute to overall spindle density if chromatin mediated microtubule 
nucleation exists as a pathway in this “typical” spindle assembly (Figure 7.1A-
B). The actual mechanisms through which TPX2 and HURP act as SAFs in 
vertebrates is largely unknown making it very difficult to access their roles and 
relevance. D-TPX2 could serve as an effective tool for evaluating the role of the 
C-terminal domain of TPX2 (separating the SAF role of TPX2 from the Aurora A 
activating and transporting role of the N-terminal). This may reveal that the SAF 
role of TPX2 is less important than previously thought. D-HURP perturbation is 
an effective tool for inhibiting chromatin mediated microtubule nucleation while 
not substantially affecting other pathways. D-HURP could therefore form part of 
a toolkit for effectively analyzing chromatin mediated microtubule nucleation in 
systems other than Xenopus egg extract.  
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Figure 7.1 The functions of D-TPX2 and D-HURP in Drosophila syncytial embryo 
mitosis 
(A) Mitotic spindle formation following microtubule depolymerisation by cold treatment. 
Following microtubule depolymerisation, D-HURP (but not D-TPX2) is localised at the 
chromatin. Here, D-HURP is responsible for either stabilizing or nucleating microtubule 
seeds. As the spindle forms following cold treatment, the role of D-HURP is likely to 
be predominantly focused on microtubule stabilization. D-TPX2 may also have a role 
in stabilising these microtubules, while it is also required for sufficiently organizing the 
microtubules generated around the chromatin, probably through its microtubule 
bundling abilities. (B) During typical spindle assembly, it is likely that both D-HURP 
and D-TPX2 are responsible for stabilising astral microtubules in the vicinity of 
chromatin in a Ran-GTP dependent manner. Following initial spindle formation, both 
proteins are localised relatively ubiquitously across the spindle, where they are 
probably involved in a number of spindle maintenance processes. Short spindle 
phenotypes observed following the perturbation of either protein suggests a role in 
either microtubule nucleation or stabilisation.  
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Chromatin meditated microtubule nucleation: How does it contribute to 
typical spindle formation? 
The nucleation of microtubules within the vicinity of chromosomes has been 
observed in a number of systems (O’Connell & Khodjakov, 2007), perhaps most 
notably within acentrosomal Xenopus egg extract, where this is the predominant 
source of microtubules in spindle formation (Heald et al., 1996). The use of this 
system has perhaps lead to the overall belief that chromatin mediated 
microtubule nucleation acts as a fall back microtubule nucleation pathway, 
dominant when MTOCs are not present. Although this is certainly true in some 
cases, it seems that in many acentrosomal systems other mechanisms have 
evolved to replace centrosomes as the primary source of microtubules or 
polarity marker, such as aMTOCs, microtubule nucleation around the nuclear 
envelope and the preprophase band (Sköld et al., 2005; Schuh & Ellenberg, 
2007; Zhang & Dawe, 2011; Drechsler & McAnish, 2012). Additionally, 
chromatin mediated microtubule nucleation has been shown to exist in 
centrosome containing systems, in some cases through perturbation 
experiments (O’Connell et al., 2009), while the pathway has also been 
demonstrated to act in parallel with astral nucleation in undisturbed systems 
(Maiato et al., 2004; Tulu et al., 2006).  
Chromatin mediated microtubule nucleation in Drosophila S2 cells has 
previously been described as emanating directly from kinetochores (Maiato et 
al., 2004; Gatti et al., 2012). In this thesis I have demonstrated that after 
microtubule depolymerisation by cold treatment of metaphase embryos, 
microtubules are nucleated with a random directional distribution around 
chromatin in a Ran-GTP, D-HURP and Augmin dependent manner. Unlike in S2 
cells, where single fibers can be seen emanating from kinetochores, in this 
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system microtubule nucleation appears to occur ubiquitously around chromatin. 
What might be the mechanisms controlling chromatin mediated microtubule 
nucleation in Drosophila? The predominant model for this pathway comes from 
Xenopus egg extract, where SAFs “nucleate” microtubules around the area of 
the chromosomes in a Ran dependent manner. Ran-GTP and the SAF D-HURP 
are also essential for this process within the Drosophila embryo. However, in 
this thesis Augmin has also been demonstrated to be essential for chromatin 
mediated microtubule nucleation. There are a number of different ways in which 
this mechanism could work. D-HURP could nucleate microtubules from 
kinetochores (or protect the ends of the kinetochore attached microtubules of 
the K-fibers), nucleate or capture short microtubule stubs while attached to 
chromatin (like a chromokinesin) or it could simply nucleate or stabilize 
microtubules in the area immediately around chromatin (Figure 7.2A). All these 
microtubule stubs would presumably be unable or unlikely to achieve steady 
state elongation as no microtubules are seen in this area when Augmin is 
perturbed, so Augmin must use these short microtubule stubs (which must be 
below the resolution limits of the microscopy systems used in this thesis) as 
docking sites to nucleate new longer microtubules (Figure 7.2B, 7.3Ai). 
Electron or super-resolution microscopy could potentially be used to investigate 
this further.  
Augmin has been shown to be a dispensable promoter of microtubule 
generation around DNA coated beads in Xenopus egg extract (although Augmin 
is required for bipolarity) (Petry et al., 2011). The disparity between the 
Xenopus egg extract system and the Drosophila syncytial embryo in terms of 
the importance of Augmin in chromatin mediated microtubule nucleation might 
be related to differences in the levels of free γ-Tubulin in the form of the γ-TuRC  
D-HURP
D-HURP
D-HURP
D-HURP
D-HURP
D-HURP
D-HURP
?
?
?
? D-HURP
D-HURP
D-HURP
and/
or
and/
or
Augmin
Ran-GTP
Importin-β
Ran-GTP
Importin-β
Ran-GTP
Importin-β
A
B
Figure 7.2
  
 
 
Figure 7.2 Potential mechanisms of chromatin mediated microtubule nucleation 
(A) Chromatin mediated microtubule nucleation requires both Ran-GTP and D-HURP. 
It is probable that D-HURP is activated by Ran-GTP mediated release from Importin-
β. D-HURP is then responsible for either nucleating or stabilizing microtubules. These 
microtubules could be nucleated or elongated from the kinetochores, or D-HURP could 
act in a similar manner to a chromokinesin, either by itself or in association with 
another protein (signified by a ?), either nucleating microtubule stubs or capturing them 
from the cytoplasm and tethering them to the chromatin. Alternatively, D-HURP could 
nucleate or stabilise microtubules in the cytoplasm adjacent to chromatin. (B) Augmin 
recruits the γ –TuRC to the D-HURP generated microtubule stubs, resulting in the 
nucleation of fresh full length microtubules.  
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or γ-TuSCs. In Xenopus egg extract, there is no γ-Tubulin sink in the form of 
MTOCs such as centrosomes, so presumably the levels of cytoplasmic γ-
Tubulin are substantially higher than in the Drosophila embryo (which maintains 
γ-Tubulin at the centrosomes following cold treatment). These high degrees of 
cytoplasmic γ-Tubulin, coupled with a high cytoplasmic tubulin concentration, 
might mean that a sufficient number of microtubules can be nucleated 
cytoplasmically for a spindle-like structure to form. Additionally, the microtubule 
concentration is increased in Xenopus egg extract by the continuous cutting of 
longer microtubules, optimizing the spindle self-assembly process (Loughlin et 
al., 2011). Otherwise, it is possible that other complexes such as Nup107-160 
could recruit the γ-TuRC to the chromatin in this Xenopus system (Orjalo et al., 
2006; Mishra et al., 2010).  
Another interesting disparity between chromatin mediated microtubule 
nucleation in the Drosophila embryo and other systems, such as Drosophila S2 
cells and Hela cells, is that microtubules appear to be nucleated from across 
chromatin, and not as distinct K-fibers, making chromatin mediated microtubule 
nucleation in this system similar to that seen in Xenopus egg extract (Heald et 
al., 1996). It could be the case that the high Augmin and free tubulin levels 
caused by these experimental conditions lead to an “exaggeration” of 
microtubule nucleation around chromosomes. Otherwise, it could be the case 
that the differences in the “type” of chromatin mediated microtubule nucleation 
could be down to different functional requirements for these microtubules. In 
Hela cells and Drosophila S2 cells, chromosome mono-orientation is common 
and needs correcting, a process that in many cases requires microtubules to be 
nucleated from the kinetochores (Maiato et al., 2004; Tulu et al., 2006). These 
cells however typically assemble their spindle relatively slowly. In Drosophila 
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embryos the emphasis of spindle assembly is speed, where as in Xenopus egg 
extract there are limited sources of microtubules. Therefore in both these 
systems chromatin mediated microtubule nucleation might be seen as 
contributing extra microtubule “bulk” to the assembling spindles. Whether there 
is any difference between the mechanisms of these “types” of chromatin 
mediated microtubule nucleation is not known, but would be an interesting 
question to investigate.  
The role of Augmin in spindle formation 
Augmin is a microtubule dependent microtubule amplifying complex 
increasingly being shown to be important in spindle formation in organisms 
ranging from plant species to Humans (Goshima & Kimura, 2010; Duncan & 
Wakefield, 2011; Ho et al., 2011; Hotta et al., 2012). Augmin is thought to bind 
to pre-existing microtubules and recruit the γ-TuRC. It is this recruited γ-TuRC 
that is able to nucleate new microtubules. Augmin has previously been shown 
to be important, although to differing degrees, in spindle formation (Goshima et 
al., 2008; Lawo et al., 2009; Meireles et al., 2009; Wainman et al., 2009; 
Colombié et al., 2013) (Figure 7.3B-C). This thesis has shown that in 
Drosophila early embryonic spindle formation Augmin is not only important for 
supplementing astral microtubules, so as to form a functioning bipolar spindle 
that can satisfy the spindle assembly checkpoint (Figure 7.3B), but, 
surprisingly, is also essential for the activity of the other microtubule nucleating 
pathways investigated; chromatin mediated microtubule nucleation (Figure 
7.3Ai), and microtubule nucleation from aMTOCs (Figure 7.3Aii).  
How Augmin might act in the process of chromatin mediated microtubule 
nucleation has already been discussed within this chapter. Acentrosomal  
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Figure 7.3 The roles of the Augmin pathway in mitosis 
(A) Augmin is required for spindle assembly from non-centrosomal pathways. During 
spindle assembly from chromatin mediated microtubule nucleation, Augmin is 
localised to short microtubule stubs and elongates fresh microtubules (i). Before NEB, 
aMTOCs appear to still contain at least some centrosomal components, as well as 
short, non-growing, microtubules. Following NEB, Augmin localises to these short 
microtubules and nucleates fresh microtubules which enter the nuclear space (ii). (B) 
During metaphase, Augmin is required to maintain the spindle by nucleating fresh 
microtubules. (C) During anaphase, Augmin localises to remaining microtubules 
between the separated chromosomes and is required for central spindle assembly. 
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MTOCs, whether they are nuclear envelope associated or cytoplasmic, appear 
to be unable to contribute microtubules to the spindle in the absence of 
functioning Augmin. It is likely that they contain a number of centrosomal 
components, but are unable to recruit the γ-TuRC at a satisfactory level to 
nucleate microtubules. However, even in the absence of Augmin it is clear that 
these aMTOC networks do contain microtubules. Therefore it is likely that 
Augmin is binding to these microtubules, therefore recruiting the γ-TuRC. 
Further investigating this idea by assessing the centrosomal component make-
up of aMTOCs would go some way towards revealing the exact nature of 
Augmin’s role in aMTOC microtubule nucleation as well as potentially 
generating new insights into the dynamics and thresholds underlying 
centrosomal microtubule nucleation (Figure 7.3Aii).  
One major difference between the results obtained in this thesis and work 
performed in Xenopus egg extract is that chromatin mediated microtubule 
nucleation can occur in the absence of Augmin in Xenopus, but not in the 
Drosophila syncytial embryo (Petry et al., 2011). Additionally, some evidence 
exists that a degree of chromatin mediated microtubule nucleation can occur in 
Drosophila S2 cells in the absence of functioning Augmin (Goshima et al., 2008; 
Bucciarelli et al., 2009), while the acentrosomal meiotic spindles can also form 
when the Augmin component Wac is lacking (Meireles et al., 2009; Colombié et 
al., 2013). Why might it be that Augmin is essential for chromatin mediated 
microtubule nucleation in one system but is not required in others? As has 
already been discussed in chapter 6, one possible reason regards the levels of 
available cytoplasmic γ-TuRC available in in acentrosomal systems compared 
to centrosomal systems. However, another explanation could be that the levels 
of free cytoplasmic Tubulin dictate the importance of Augmin within a system. 
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Tubulin levels are known to be a determinate of polymerization rates (Bieling et 
al., 2007). In relation to chromatin mediated microtubule nucleation, as has 
already been discussed, SAFs are important in the nucleation or stabilization of 
microtubules or microtubule stubs in the vicinity of chromatin. TPX2 for instance 
has been suggested to reduce the energy thresholds needed for a steady state 
elongation of microtubule stubs to occur (Wieczorek & Cheeseman, personal 
communication). It might be the case in Xenopus egg extract, where there is not 
a major Tubulin sink in the form of centrosomes, or even in Drosophila S2 cells, 
that there might be enough free Tubulin for short, possibly free forming, 
microtubule stubs to elongate into dynamic microtubules with the assistance of 
SAFs alone. However, in Drosophila embryos, Tubulin concentration may not 
be high enough for these microtubule stubs to elongate, so Augmin recruitment 
to these stubs is required, bringing with it the γ-Tubulin containing γ-TuRC, 
which can nucleate microtubules at substantially lower microtubule 
concentrations (Leguy et al., 2000). Determining if this is the case would be an 
interesting route of enquiry, as would investigating the importance of Augmin in 
other acentrosomal systems such as the mouse oocyte.  
Another interesting question regarding Augmin is whether it binds discriminately 
to different subpopulations of pre-existing microtubules within the spindle. The 
evidence presented in this thesis, that Augmin is important in all microtubule 
generating pathways, suggests that Augmin might not be selectively picking 
microtubules based upon their source or role. The localisation of both Augmin 
and non-centrosomal γ-TuRC seen within this study and others also suggests 
that Augmin binding and microtubule amplification is ubiquitous across the 
spindle (Meireles et al., 2009; Kamasaki et al., 2013). However there is some 
evidence, the amount of which is increasing, suggesting that regulatory 
220 
 
mechanisms act upon Augmin. For instance, Augmin subunits are 
phosphorylated by Aurora A, Cdc2 and PLK1, influencing the microtubule 
binding capacity of Augmin (Tsai et al., 2011; Johmura et al., 2011). It may be 
the case that these mechanisms act to ensure that Augmin is only active in 
mitosis (there is no known interphase role for Augmin in metazoans). 
Microtubules will have different MAP compositions whether they form K-fibers or 
interpolar microtubules or based on the proximity to kinetochores or 
centrosomes. These differences in MAP composition could affect Augmin-
microtubule binding and Augmin recruitment of the γ-TuRC. As has already 
been discussed, the evidence presented in this thesis suggests that an 
essential feature of spindle formation in the Drosophila syncytial embryo is the 
need for bulk microtubule production for fast spindle assembly, so therefore 
regulation of Augmin might not be important in this system. In other systems 
this large degree of microtubule nucleation is arguably not as important, so 
therefore there may be tighter regulation of Augmin, which might manifest as a 
more obvious selectivity in Augmin localization to microtubule sub-populations.  
Another interesting observation arising from this thesis is the similarity between 
the phenotypes seen upon Ran-GTP inhibition and Augmin perturbation. One 
possible explanation for this is that Augmin, or a component of Augmin (or even 
an Augmin regulator) requires Ran-GTP mediated release from importins to 
function. An in-depth study of this would be an interesting route of enquiry. 
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Synergetic spindle assembly pathway interaction and regulation 
One of the most tantalizing findings in this thesis is that, upon perturbation of a 
single microtubule nucleating pathway, the nucleation rates of other microtubule 
generating pathways increases, possibly through methods of pathway up-
regulation.  
Some degree of nucleation increase would be expected upon perturbation of a 
single nucleation pathway because of an increase in the levels of cytoplasmic 
Tubulin.GTP dimers and other nucleating factors. However, by conducting 
these perturbation experiments in conditions where all microtubules have been 
depolymerized by cold treatment, the levels of these nucleating factors should 
be equal, at least initially, across all conditions, resulting in equal nucleating 
rates. This is not the case, and instead changes in the nucleation rates of single 
pathways are observed immediately during cold recovery when other nucleating 
pathways have been perturbed.  
How might this regulation of pathways be achieved? When astral microtubule 
nucleation is reduced by partially perturbing DSpd-2 levels, there is an increase 
in chromatin mediated microtubule nucleation. Within this thesis D-HURP has 
been demonstrated to be a mediator of chromatin mediated microtubule 
nucleation, localising to chromatin following microtubule depolymerisation, a 
characteristic also observed of HURP in mammalian cells (Torosantucci et al., 
2008) (Figure 7.4A-C). D-HURP also might interact with Dynein, and following 
K-fiber formation during microtubule regrowth appears to stream polewards 
from chromatin towards the spindle polesn (Figure 7.4A, Biii-iv). It is therefore 
conceivable that D-HURP levels at chromatin mediate the extent of microtubule 
nucleation, with these levels or the activity of D-HURP decreasing as it streams  
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Figure 7.4 Potential mechanism for chromatin mediated microtubule nucleation 
pathway up-regulation upon perturbation of centrosome function 
(A) During metaphase, D-HURP is localised relatively ubiquitously across the spindle. 
(B) Typical chromatin mediated microtubule nucleation. Following microtubule 
depolymerisation, D-HURP localises to the chromatin (i) and microtubules are 
generated in a D-HURP dependent manner (ii). As these microtubules are organized 
and the spindle begins to form with an astral contribution, D-HURP begins to stream 
polewards (ii) resulting in a complete loss of D-HURP from chromatin (iv). (C) 
Chromatin mediated microtubule nucleation and centrosome perturbation.  As is the 
case when centrosomes are not perturbed, D-HURP localises to the chromatin 
following microtubule depolymerisation (i) and microtubules are generated in a D-
HURP dependent manner (ii). As a result of a reduced astral contribution, D-HURP is 
unable to stream polewards and instead remains accumulated at the chromatin, 
increasing the amount of microtubules generated (iii & iv). 
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polewards along astral microtubules (Figure 7.4B). A decrease in astral 
nucleation would limit the capacity for D-HURP to stream polewards, which 
would then result in an increased level of chromatin mediated microtubule 
nucleation (Figure 7.4C).  
There is also an increase in the size and velocity of astral EB1 comets, a sign of 
increased nucleation rates (Bieling et al., 2007; Maurer et al., 2012) when other 
pathways are perturbed. One possible mechanism for this could relate to the 
transport of microtubule polymerizing factors to the microtubule plus ends. If this 
transport is kinesin dependent (the localisation of EB1 to the distal end of the 
axenome in Chlamydomonas, for instance, is Kinesin 2 dependent (Sloboda & 
Howard, 2007)), then it is conceivable that the binding of the large Augmin 
complex to microtubules, and possibly the resulting microtubule branching, can 
act to slow the progression of these nucleating factors. Therefore, by removing 
Augmin as an obstacle, microtubule nucleating factors can reach the growing 
microtubule plus ends at a greater rate. This, along with a general increase in 
cytoplasmic nucleating factors that would result from the perturbation of another 
microtubule generating pathway, could result in this increase in nucleation. An 
analysis of the Augmin binding times on microtubules and the effects of Augmin 
binding to the streaming rates of Kinesin-Like Proteins would need to be 
performed to add credence to this theory. Alternatively, a more direct form of 
regulation could occur in response to a lower spindle-wide microtubule 
nucleation level or the reduction in levels of functioning facilitators of 
microtubule nucleation. In this case, there could be dynamic changes in either 
the nature of the microtubule plus end (such as an elongation of the plus end 
cap) or the microtubule plus end MAP composition. For this to occur there 
would need to be means by which reduction of microtubule nucleation is 
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detected and mechanisms to effect change upon astral microtubule dynamics 
within the space of only a few seconds.  
Conventional wisdom dictates that the key requirement of a mitotic spindle is to 
align and separate mitotic chromosomes faithfully, and that therefore energy 
and resources are focused on achieving this accuracy. Although accurate DNA 
division is obviously important in Drosophila syncytial embryos, it appears as 
though the ability to do this quickly is also incredibly important. This is not 
surprising, as the quicker that the embryo can go through these early stages of 
mitosis, the quicker it can cellurise and eventually form a motile larvae, which 
will be less susceptible to predation therefore inferring a survival advantage. It is 
telling that this system has not evolved a mechanism whereby the cytoplasm-
wide diffusible spindle assembly checkpoint signal levels are unable to override 
local spindle checkpoint signals, meaning that in this system unaligned 
chromosomes or incomplete spindles will undergo anaphase if the majority of 
spindles in the syncytium have satisfied the checkpoint, suggesting an 
evolutionary “emphasis” on speed over accuracy of chromosome separation. 
Although not a focus of this thesis, it is clear that these embryo are incredibly 
adapt at aligning chromosomes quickly, regardless of the source of 
microtubules or general nature of spindle formation. However, as seen from the 
augmin phenotypes, chromosomal alignment and fast mitosis cannot occur 
without a sufficiently large amount of microtubules. It is therefore fair to say that 
one of the major challenges faced when building the mitotic spindle in this 
system is nucleating enough microtubules for effective mitosis. This is in part 
helped by the existence of a large cytoplasmic pool of microtubule nucleating 
factors as well as strict control of nuclear spacing and full centrosome 
separation before NEB enabling very efficient kinetochore capture (Sullivan & 
226 
 
Theurkauf, 1995; Hughes et al., 2008). The data presented in this thesis 
suggests that underpinning these mechanisms are a series of “safety 
measures” that exist to maintain a sufficient level of microtubule nucleation for 
this fast mitosis, presumably with additional mechanisms also in place that can 
organize bipolar spindles regardless of the original source of microtubules or 
the existence or absence of primary MTOCs in the form of centrosomes. An 
example of this drive for high microtubule nucleation levels comes from the 
nature of chromatin mediated microtubule nucleation in this system. This 
process has been described elsewhere in a number of different systems, 
however in many of these microtubules are seen nucleating primarily from 
kinetochores, suggesting this is primarily a method of correcting chromosome 
misalignment. In contrast, in the Drosophila syncytial embryo this nucleation 
occurs at a high level around chromatin and does not appear to directly assist in 
chromosome alignment, suggesting that this nucleation is instead acting to 
create microtubule mass. Similarly, microtubule amplification by Augmin has 
here been shown to be essential for spindle assembly regardless of the source 
of microtubules. It can be argued that here, Augmin has been shown to be more 
important in this system than in any other observed to date. Arguably, a driving 
force for cancer cell mitosis is speed over accuracy, and it is interesting that 
HURP is overexpressed in a number of human cancers (Chiu et al, 2002; 
Gudmundsson et al, 2007; Chang et al, 2011), while protein expression data 
suggests over expression of human Augmin subunits in numerous cancer 
tissues (Schaab et al., 2012). Therefore, an understanding of spindle assembly 
in the Drosophila syncytial embryo is directly applicable to understanding 
spindle assembly in cancerous cells.  
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Concluding remarks 
The work in this thesis has increased our understanding of the multiple spindle 
assembly pathways present in the Drosophila syncytial embryo; providing a 
unique insight into the role of SAFs in a non-vertebrate system, identifying new 
roles for the Augmin complex and uncovering synergistic cooperation between 
spindle assembly pathways. By performing the investigations suggested within 
this chapter, a further appreciation of the multiple mechanisms underlying 
spindle assembly can be obtained, as well as a better understanding of Augmin 
function and a greater insight into the processes that regulate the processes 
that compensate for the loss of spindle assembly pathways.  
This thesis has been a thorough investigation of spindle formation within a 
single system, with a unique list of selective pressures and constraints shaping 
the methods by which the spindle is assembled. Hopefully, more investigations 
of this type will be performed looking at spindle formation in a variety of 
different, lesser known systems, studying the various and possibly unique 
routes they utilize to form a spindle. In human cancers mitotic spindle formation 
is robust enough to allow for effective mitosis despite numerous atopic 
conditions, including varying numbers of chromosomes and centrosomes. An 
evolutionary context to the different conditions under which a spindle can form 
and the processes underlying their formation will help further our understanding 
of cancer cell multiplication, while bringing us closer to answering what the core 
requirements actually are for assembling the mitotic spindle. 
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The mitotic spindle is defined by its organized, bipo-
lar mass of microtubules, which drive chromosome
alignment and segregation. Although different cells
have been shown to use different molecular path-
ways to generate the microtubules required for spin-
dle formation, how these pathways are coordinated
within a single cell is poorly understood. We have
tested the limits within which the Drosophila embry-
onic spindle forms, disrupting the inherent temporal
control that overlays mitotic microtubule generation,
interfering with the molecular mechanism that gener-
ates new microtubules from preexisting ones, and
disrupting the spatial relationship between microtu-
bule nucleation and the usually dominant centro-
some. Our work uncovers the possible routes to
spindle formation in embryos and establishes the
central role of Augmin in all microtubule-generating
pathways. It also demonstrates that the contribu-
tions of each pathway to spindle formation are inte-
grated, highlighting the remarkable flexibility with
which cells can respond to perturbations that limit
their capacity to generate microtubules.
INTRODUCTION
Duringmitosis, microtubules (MTs), dynamic polymers of a and b
tubulin, are nucleated in sufficient number so that they form a
bipolar spindle apparatus, generating the force required for
accurate alignment and segregation of duplicated chromo-
somes. Work in different model organisms has shown that the
route to spindle formation can vary; for example, the MTs that
constitute spindles in Xenopus egg extracts are initially nucle-
ated by condensed chromatin (Heald et al., 1996), the assembly
of the Drosophila early embryonic spindle is regarded as centro-
some directed (Brust-Mascher et al., 2009), while mammalian
oocytes generate MTs in the cytoplasm that gradually coalesce
to bipolarity (Brunet et al., 1998; Schuh and Ellenberg, 2007).
In addition, MT-dependent MT generation, catalyzed by theDeAugmin complex, provides an additional pathway that contrib-
utes to overall spindle MT density (Goshima et al., 2007, 2008;
Uehara et al., 2009; Wainman et al., 2009). Given that most
animal mitotic cells possess centrosomes and chromatin within
a substantial cytoplasm and that Augmin is functionally con-
served, one important question is whether all individual MT-
generating pathways coexist in a single cell. If they do, and if their
functions are integrated, it could explain whymature spindles are
so robust when challenged with physical, genetic, and chemical
perturbations.
Although previous research has addressed the relationship
between centrosomal and chromatin-generated MTs (Heald
et al., 1997; Khodjakov et al., 2000; Mahoney et al., 2006;
Maiato et al., 2004) these studies were undertaken prior to dis-
covery of Augmin (Goshima et al., 2007), and in tissue culture
cells. The relationship between all the major defined MT gener-
ating pathways and their significance within a developmental
context therefore remains unclear. Here, we use the Drosophila
syncytial blastoderm embryo in order to comprehensively
address how a mitotic spindle forms. This tissue, in which
many hundreds of mitotic spindles form simultaneously in a
common cytoplasm, allows manipulation of MT-generating
pathways not only through genetics but also through immediate
inactivation of proteins facilitated by interfering antibody injec-
tions (see, for example, Brust-Mascher et al., 2009; Conduit
et al., 2010). We have combined these advantages with a live
cold-treatment assay that allows mature embryonic mitotic
spindles to be deconstructed and rebuilt and with the develop-
ment and implementation of image analysis software that
allows quantitative data to be extracted simultaneously from
multiple spindles. Our results demonstrate that MTs can be
generated in this system by mitotic chromatin, in addition to
centrosomes, using a molecular pathway dependent on the
Drosophila homolog of the spindle assembly factor, HURP.
By disrupting the accumulation of two pericentriolar material
(PCM) proteins, DSpd-2 and Centrosomin (Cnn), to the centro-
some, we also find that Drosophila embryos can form bipolar
spindles from multiple cytosolic acentrosomal MT organizing
centers (aMTOCs). We show that all these routes to spindle
formation are supplemented by Augmin-generated MTs; in-
activation of Augmin abrogates chromatin-generated and
aMTOC-dependent MTs and substantially delays and reduces
astral MT input. We also demonstrate that integration does,velopmental Cell 28, 1–13, January 13, 2014 ª2014 The Authors 1
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generated MTs leads to an increased rate of MT nucleation
around chromatin, while a loss of chromatin- or Augmin-depen-
dent MT nucleation increases the growth rate of remaining
astral MTs. We also show that this effect is synergistic. Thus,
mitotic MT generation in a cell within a developing organism
comprises coordinated inputs from multiple MT-nucleating
pathways, providing inherent robustness and flexibility to the
mature mitotic spindle.
RESULTS
MT Nucleation Occurs from Chromosomes during
Drosophila Embryonic Mitosis
We began by exploring whether chromatin-mediated MT nucle-
ation could be visualized during mitotic spindle formation in
Drosophila syncytial embryos. We subjected embryos ex-
pressing either Tubulin-green fluorescent protein (GFP) and
Histone-red fluorescent protein (RFP) (to monitor MTs and
DNA, respectively) or the MT plus-tip protein EB1-GFP (as a
marker of MT plus end growth) to high spatial and temporal res-
olution imaging, using spinning disc confocal microscopy (Fig-
ures 1A and 1B; Movie S1 available online). Within 30 s following
nuclear envelope breakdown (NEB) and the influx of Tubulin into
the nuclear space, the mitotic spindle had formed, appearing
exclusively to do so using an ‘‘outwards-in’’ mechanism directed
by the generation and growth of MTs from the centrosomes. To
quantify the MT growth, we developed an automated tracking
algorithm to extract data regarding Tubulin-GFP and EB1-GFP
intensity over time, from multiple spindles within individual
embryos (see Experimental Procedures). This confirmed the
almost exclusive movement of Tubulin-GFP and EB1-GFP
comets from pole to center, a phenomenon that was easily visu-
alized by compressing the data sets into single composite kymo-
graphs (Figures 1C and 1D; Figure S1).
We wondered whether the apparent exclusivity of centro-
somes as the source of spindle MTs was due to spatiotemporal
restriction of pathway activation (i.e., that, during these very fast
mitoses, there is insufficient time to activate the pathway
required for chromatin-mediated MT nucleation). To explore
the potential of embryonic mitotic chromatin to generate
MTs, we therefore sought to decouple astral MT nucleation
from NEB and chromosome condensation. As a noninvasive
approach, we made use of the temperature-sensitive property
of MTs. Classic experiments have demonstrated that mitotic
spindles are depolymerized by incubation of tissue at 4C and
that their repolymerization can be initiated by rewarming, with
no negative effects on chromosome segregation (Inoue, 1952,
1964). We therefore adhered individual fluorescent embryos
to coverslips and monitored their progression through the cell
cycle until they reached metaphase (Figure 1E). They were
then immediately placed on ice, left for 90 min, placed back
under the microscope objective, and imaged to assay spindle
regrowth (Figure 1E). Individual movies in embryos expressing
either Tubulin-GFP; Histone-RFP (Figure 1F; Movie S2) or EB1-
GFP (Figure 1G; Movie S2) together with composite kymographs
(Figures 1H and 1I) strongly suggested that, instead of spindle
formation occurring ‘‘outwards-in,’’ MTs were organized into
bipolar spindles ‘‘inwards-out.’’ Manual tracking of EB1-GFP2 Developmental Cell 28, 1–13, January 13, 2014 ª2014 The Authorscomets in this region, immediately following cold treatment,
demonstrated random directionality, consistent with nonbiased
MT growth from the chromatin (Figure 1J). This chromatin-
dependent MT nucleation was not merely a consequence of
centrosomes losing MT-nucleating capacity during cold treat-
ment, as the intensity of g-Tubulin-GFP at the centrosomes
was similar between cycling and cold-treated embryos (see Fig-
ure S1). We therefore conclude that the molecular pathway
responsible for chromatin-driven MT generation is present in
Drosophila embryos but that the dynamics of its activation in
relation to centrosomal nucleation normally precludes or masks
its involvement in initial spindle formation.
The Drosophila SAF D-HURP Is Essential for Generating
Chromatin-Derived MTs
To define the molecular basis of chromatin-dependent MT
generation in the early embryo, we focused on the Drosophila
homologs of two chromatin-associated spindle assembly fac-
tors (SAFs), HURP (D-HURP/Mars) and TPX2 (D-TPX2/Mei-38/
Ssp1) (Figure 2A) (Tan et al., 2008; Wu et al., 2008; Goshima,
2011). As previously reported, GFP-D-HURP was nuclear during
the early embryonic interphase (Figure 2B; Movie S3) (Zhang
et al., 2009). Upon NEB, it accumulated on spindle MTs as
they were generated from centrosomes but not to centrosomes
themselves or to astral MTs. Following chromosome segrega-
tion, D-HURP relocalized to decondensing chromosomes
(Movie S3). GFP-D-TPX2 was also nuclear in interphase but
showed only weak localization to the area of the mitotic spindle
and centrosomes during mitosis (Figure 2C, arrows).
To assess the contributions of D-HURP and D-TPX2 to mitotic
spindle formation, we analyzed EB1-GFP dynamics in embryos
carrying mutations in the genes encoding these proteins. Flies
carrying a null mutation in D-TPX2 (mei381 flies) are viable and
fertile, although they show slightly elevated levels of chromosome
missegregation in a variety of tissues (Wu et al., 2008). Similar
effects have been reported for the hypomorphic allele of
D-HURP, marsP (Tan et al., 2008). We found that, although the
majority of embryonic spindles formed similarly to controls in
both these mutants, defective spindle formation was apparent
(Figures3Aand3B;MovieS4). In addition,maturebipolar spindles
were consistently significantly shorter than their wild-type coun-
terparts (Figure 3C). Together, these results confirm that both
D-HURP and D-TPX2 have roles in embryonic spindle formation.
Next, we analyzed the dynamics of EB1-GFP comets during
spindle regrowth in mutant embryos that had undergone cold
treatment. In contrast to control embryos,mei381 mutants failed
to form stable bipolar spindles. AlthoughMT regrowth from chro-
mosomes was apparent, these MTs often interacted with the
nearest centrosome, without substantial contact to a second, re-
sulting in highly variable composite kymographs (Figures 3F and
3H; Movie S5). Therefore, although D-TPX2 has a clear role in
spindle stability following regrowth, it is not required for chro-
matin-dependent MT generation in the embryo. In contrast, in
marsp mutants following cold treatment, chromatin-dependent
MT generation was absent (Figure 3G; Movie S5); composite
EB1-GFP kymographs showed no regrowth in the area between
the poles (compare Figure 1I and Figure 3I). However, EB1-GFP
fluorescence emanating from centrosomes was unaffected (Fig-
ure S2). Together, these results clearly demonstrate that, while
Figure 1. Cold Treatment of Drosophila Embryos
Reveals MT Nucleation from Chromatin during
Mitosis
(A and B) Stills from movies of spindle formation in embryos
expressing a-Tubulin-GFP (green) and Histone-RFP (red) to
visualize MTs and chromatin, respectively (A), or the MT
growing plus-end marker EB1-GFP (B). Mitotic spindles
unambiguously form in an ‘‘outwards-in’’ manner.
(C and D) Composite kymographs of Tubulin-GFP (C) and
EB1-GFP (D) with heat-map representations ofMT intensity.
(E) Schematic diagram of cold-treatment protocol (see
Results).
(F and G) Stills from movies of spindle reformation in syn-
cytial embryos expressing Tubulin-GFP; Histone-RFP (F) or
EB1-GFP (G) following cold treatment. MT regrowth is
apparent both at centrosomes and around chromatin.
(H and I) Composite kymographs of Tubulin-GFP (H) and
EB1-GFP (I) in embryos following cold-treatment recovery,
with heat-map representations of MT intensity.
(J) Graph showing the initial random directionality of
EB1 comets emanating from chromatin on cold-treatment
recovery.
Scale bars, 5 mm. See also Movies S1 and S2.
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Figure 2. D-HURP and D-TPX2 Are Mitotic
MAPs that Dynamically Associate with
MTs during Drosophila Syncytial Mitoses
(A) Schematic representation comparing D-TPX2/
Mei-38 and D-HURP/Mars to human TPX2 and
HURP. GKAP, guanylate kinase-associated pro-
tein; NLS, nuclear localization signal; NES, nuclear
export signal.
(B and C) Stills from movies of GFP-D-HURP (B)
and GFP-TPX2 (C) during embryonic divisions.
GFP-D-HURP is nuclear in interphase before
accumulating on specifically on spindle, but not
astral, MTs following NEB; GFP-TPX2 is nuclear in
interphase and localizes weakly to the area of the
spindle and to the centrosomes (arrow) during
mitosis. Scale bars, 5 mm.
See also Movie S3.
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D-HURP is essential for chromatin-dependent MT generation.
To further clarify the way in which D-HURP directs MT gener-
ation from chromosomes, we assessed whether its subcellular
localization differs depending on the dominant MT nucleating
pathway used by the embryo. As described earlier, in cycling
embryos, D-HURP is nuclear in interphase and associates
with MTs as they form from centrosomes early in mitosis
(Figure 2B). However, in embryos immediately following cold
treatment (i.e., in which chromatin-directed MT generation
dominates), D-HURP was exclusively found on mitotic DNA
(Figure 3J). Over time, as MTs were generated, it relocalized
from chromatin to the spindle MTs. This effect was specific to
D-HURP; neither D-TPX2 nor g-Tubulin, nor the MT-generating
complex Augmin was found on mitotic DNA following cold
treatment (data not shown). We conclude that D-HURP is
an essential effector of chromatin-mediated MT generation in
Drosophila embryos.
Augmin Is Essential for Chromosome-Generated MTs
and Supplements Astral MT Generation
Recent work has shown that MTs are also nucleated from preex-
isting MTs within the growing spindle—a process that requires4 Developmental Cell 28, 1–13, January 13, 2014 ª2014 The Authorsboth g-Tubulin and the hetero-octomeric
MT-associated protein (MAP) complex,
Augmin (Goshima et al., 2007, 2008;
Uehara et al., 2009; Wainman et al.,
2009). To define the contribution of such
MT-dependent MT nucleation during
spindle formation in the early embryo,
we removed Augmin function by injecting
interfering antibodies generated against
the Dgt6 subunit (Bucciarelli et al.,
2009). Injection of this antibody into em-
bryos expressing Tubulin-GFP; Histone-
RFP or EB1-GFP phenocopied those
possessing a mutation in the Msd1 sub-
unit of Augmin (Wainman et al., 2009)
and disrupted the association of Augmin
with MTs, demonstrating the specificity
and effectiveness of this approach (Fig-ures 4A–4D; Movie S6). In cycling embryos injected with anti-
Dgt6, spindle formation was delayed with respect to controls.
Whereas bipolarity was achieved within 30 s in control
embryos, spindles in msd1 mutant embryos, or those injected
with anti-Dgt6 embryos, took substantially longer (100–200 s)
(Figures 4A–4C; Movie S6). Quantification of EB1-GFP fluores-
cence around centrosomes following NEB in anti-Dgt6-injected
embryos confirmed that MT generation from centrosomes was
significantly reduced (Figure S2). Thus, Augmin contributes to
astral MT generation during mitosis.
The bipolar spindles that eventually formed upon Augmin
inactivation increased in length in comparison to controls and
remained arrested at metaphase with fewer MTs, predomi-
nantly composed of thick MT bundles (Figures 4A–4C; Movie
S6). To assess whether these were kinetochore MTs (kMTs)
(i.e., MTs with stable attachments to kinetochores), we injected
anti-Dgt6 antibodies into embryos expressing a GFP fusion
to the checkpoint protein Rod, comparing its localization to
control embryos. Rod is a component of the RZZ complex,
which associates with kinetochores early in mitosis and
streams poleward along kMTs upon kMT-kinetochore attach-
ments (Basto et al., 2004). Loss of kinetochore-associated
Rod facilitates satisfaction of the checkpoint in embryos,
Figure 3. MT Nucleation from Chromatin Is Mediated by D-HURP
(A and B) Stills from movies of spindle formation in d-tpx2 (mei-381) (A) and d-hurp (marsp) (B) embryos expressing EB1-GFP. Note the presence of abnormal
spindles.
(C) Bar chart of control (WT), d-tpx2, and d-hurp spindle length across mitotic cycles 10, 11, and 12. Error bars indicate SEM.
(D and E) Composite kymographs of MT nucleation (EB1-GFP) during mitosis in d-tpx2 (D) and d-hurp (E) cycling embryos.
(F and G) Stills from movies of spindle reformation in syncytial d-tpx2 (F) and d-hurp (G) mutant embryos expressing EB1-GFP.
(H and I) Composite kymographs of MT nucleation (EB1-GFP) during mitosis in d-tpx2 (H) and d-hurp (I) embryos following cold treatment, demonstrating the
requirement of D-HURP in chromatin-mediated MT generation.
(J) Stills from movies of GFP-D-HURP localization following cold treatment; the protein is now initially present on mitotic chromatin, gradually relocalizing to
spindle MTs as they form.
Scale bars, 5 mm. See also Movies S4 and S5.
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2004). In control embryos, Rod-GFP poleward streaming
occurred within 30 s following NEB (Figure 4E; Movie S7). In
GFP-Rod embryos injected with anti-Dgt6 antibodies, however,
although Rod accumulated on kinetochores and streamed
along MTs toward the poles, streaming took >60 s to initiate
and was abnormal (Figure 4F; Movie S7). Movement of Rod-
GFP was stilted and occurred both toward and away fromDethe poles. Consistent with the long spindles and mitotic arrest
observed in embryos in which Augmin function is lost, Rod
continued to accrue on both kinetochores and MT bundles
throughout the period of observation, as opposed to being
gradually lost as in control cells. These results demonstrate
that Augmin-generated MTs aid, but are not required for,
astral MT search and capture of chromosomes, as well as
kMT formation. They also show that the MTs generated byvelopmental Cell 28, 1–13, January 13, 2014 ª2014 The Authors 5
Figure 4. Augmin Is Required for Mainte-
nance of Mitotic Spindle Integrity
(A and B) Stills from movies of spindle formation in
embryos expressing Tubulin-GFP; Histone-RFP
(A) or EB1-GFP (B) injected with interfering anti-
bodies generated against the Augmin subunit,
Dgt6. Astral MT and spindle formation are de-
layed, progressing to weak elongated spindles
which arrest.
(C) Stills from movies of spindle formation in
msd1ex51 embryos expressing Tubulin-GFP.
(D) Stills from movies of Msd1-GFP-expressing
embryos. Msd1-GFP localizes to MTs in inter-
phase (i) and metaphase (ii). Following injection of
anti-Dgt6 antibodies, Msd1-GFP dissipates from
all MTs close to the site of injection during inter-
phase (iii) and mitosis (iv). Weak MT localization
remains in areas distant (50 mm) from the site of
injection (v).
(E and F) Stills from movies of spindle formation in
embryos expressing Rod-GFP (E). Rod localizes
to assembling kinetochores in prophase and
streams poleward onMT-kinetochore attachment,
gradually decreasing with time (30’’–120’’). In (F),
upon injection of anti-Dgt6 antibodies, Rod-GFP
streaming is delayed but occurs, signifying the
presence of K-fibers. Localization of Rod-GFP to
kinetochores and kMTs persists throughout the
observation period.
Scale bars, 5 mm. See also Movies S6 and S7.
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To more precisely define the relationship between Augmin-,
centrosomal-, and chromosome-dependent MT nucleation, we
injected cold-treated Tubulin-GFP; Histone-RFP- or EB1-GFP-
expressing embryos with anti-Dgt6 antibodies (Figures 5A and
5B; Movie S8). We found a complete absence of MT generation
in the vicinity of chromosomes, as visualized by composite ky-
mographs (Figure 5D), showing that Augmin, like D-HURP, has
an essential role in this process. To investigate the relationship
between D-HURP and Augmin in the generation of chromatin-
dependent MTs, we sought to determine whether disruption of
Augmin affected the dynamic accumulation of D-HURP on
mitotic DNA or its relocalization to spindle MTs (Figure 5C). We
found no difference in comparison to control cold-treated em-
bryos, demonstrating that D-HURP does not require Augmin-
generated MTs to move from chromatin to spindle MTs.
Centrosome/PCM Disruption Results in aMTOC-Driven
Spindle Formation
To determine whether chromatin-mediated MT generation is
sufficient for spindle formation in the Drosophila embryo, we6 Developmental Cell 28, 1–13, January 13, 2014 ª2014 The Authorsattempted to fully inactivate centro-
some-driven MT nucleation. g-Tubulin is
recruited to embryonic centrosomes pri-
marily through the incorporation of Cnn
into the PCM, a process that depends
cooperatively on two additional proteins,
Asterless and DSpd-2 (Conduit et al.,
2010). We took two approaches: first,we followed mitotic spindle formation in EB1-GFP-expressing
embryos carrying a mutation in the cnn gene. Cnn is required
for the proper connection between the centriole and the PCM,
and although previous fixed analyses of mitotic spindles in this
mutant have shown that acentriolar bipolar spindles are capable
of forming, they did not clearly define the route to spindle forma-
tion (Lucas and Raff, 2007; Megraw et al., 2001). Second, in both
EB1-GFP- and GFP-Tubulin; RFP-Histone-expressing embryos,
we removed centrosomally nucleated MTs through injection of
an interfering antibody raised against DSpd-2, which has
previously been shown to displace DSpd-2 and PCM compo-
nents from the centrosome (Conduit et al., 2010). In all cases,
we found that, rather than MTs emanating from centrosomes
or chromatin, multiple discrete asters formed in the cytosol
upon entry into mitosis (Figures 6A–6C; Movie S9). These
ectopic, cytosolic asters continued to expand and cluster and
ultimately organized into acentrosomal barrel-shaped spindles.
To determine whether the MTs generated by these aMTOCs
were dependent on Augmin, we injected anti-Dgt6 antibodies
into cnn mutant embryos expressing EB1-GFP. We found that
inhibition of Augmin completely abrogated aMTOC-driven MT
nucleation; by 60 s following NEB, no EB1-GFP comets were
Figure 5. Augmin Is Essential for MT Generation around Chromatin
(A and B) Stills from movies of spindle reformation in embryos expressing Tubulin-GFP Histone-RFP (A) or EB1-GFP (B) injected with anti-Dgt6 antibodies.
(C) Stills from movies of D-HURP-GFP localization following cold treatment in an anti-Dgt6-injected embryo; localization of D-HURP-GFP is not dependent on
Augmin.
(D) Composite kymographs of MT nucleation (EB1-GFP) during mitosis in control (WT) and anti-Dgt6-injected embryos following cold treatment; chromatin-
dependent MT generation is completely absent upon Augmin disruption.
See also Movie S8. Scale bars, 5 mm.
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disruption of centrosomes, an Augmin-dependent, noncentro-
somal pathway can drive MT generation in the early embryo.
Reducing the Contribution of One MT-Generating
Pathway Results in an Increased Contribution from
Others
As the aforementioned pathway to spindle formation reflects the
stripping of PCM from centrosomes rather than inactivation of
centrosomal MT nucleating capacity per se, we instead injected
lower concentrations of anti-DSpd-2 into EB1-GFP-expressingDeembryos (Figure 7A; Movie S10). This resulted in a significant
reduction of centrosomally nucleated MTs, as determined by
quantifying the EB1-GFP fluorescence emanating from centro-
somes but without ectopic aMTOC formation (Figure S2). By
injecting EB1-GFP embryos with this concentration of anti-
DSpd-2, following cold treatment, we were able to assess the
effect of specifically reducing astral input on chromatin-directed
MT generation. It appeared to us that, during the initial stages
of regrowth, a reduction of centrosomal EB1-GFP led to an
increase in the intensity of EB1-GFP comets in the vicinity of
the chromosomes (Figure 7B and Movie S10; compare withvelopmental Cell 28, 1–13, January 13, 2014 ª2014 The Authors 7
Figure 6. Centrosome/PCM Disruption
Leads to Spindle Formation via Augmin-
Dependent aMTOCs
(A) Stills from movies of spindle formation in an
EB1-GFP-expressing cnn mutant embryo.
(B and C) Stills from movies of spindle formation
in EB1-GFP expressing (B) and Tubulin-GFP;
Histone-RFP embryos (C) injected with a high
concentration of anti-DSpd-antibody. In all cases,
spindles form predominantly from cytoplasmic,
acentriolar MTOCs.
(D) Stills from movies of spindle formation in an
EB1-GFP-expressing cnn embryo injected with
anti-Dgt6 antibodies. MTs are present in inter-
phase, but mitotic aMTOCs do not form.
Scale bars, 5 mm. See also Movie S9.
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confirmed that, although the final steady-state nucleating
capacity of chromatin was similar in the presence or absence
of anti-DSpd-2, initial MT nucleation around chromosomes
was dramatically increased in comparison to control embryos
(Figure 7C).
To explore whether an inverse relationship exists between
chromatin- and centrosomally nucleated MTs, we revisited our
time-lapse movies of EB1-GFP dynamics during spindle forma-
tion in embryos lacking chromosome-generated MTs. We
noticed that the length of the EB1 comets emanating from
the centrosomes in anti-Dgt6-injected, cold-treated embryos
appeared to be increased in comparison to the length of those
from control cold-treated embryos (Figure 7D). We therefore
undertook a quantitative analysis of EB1-GFP comet length after
cold treatment in control, marsp (d-hurp), anti-Dgt6-, and anti-
DSpd-2-treated embryos. This confirmed that a reduction of
MT generation either from chromatin (marsp) or from centro-
somes (anti-DSpd-2), or both (anti-Dgt6), causes an increase in
EB1-GFP comet length on the remaining astral MTs (Figure 7E).
This was especially pronounced in embryos injected with anti-
Dgt6 antibodies and could be further enhanced by coinjecting
anti-DSpd-2 and anti-Dgt6 antibodies together (Figure 7E;Movie
S10). In the latter case, EB1 comets were, on average, four times
the length of those in control embryos (4.76 mm versus
0.906 mm). Interestingly, this reduction of astral MT nucleation,
together with the complete cessation of Augmin-driven MT
generation, precluded the formation of stable bipolar spindles;
EB1-GFP intensity reduced over time (Figure 7F), and initial reg-
ular spacing between centrosomes degenerated over time with
neighboring asters collapsing on to each other (Movie S10).
Thus, stable bipolar spindle formation requires a minimum
number of MTs.8 Developmental Cell 28, 1–13, January 13, 2014 ª2014 The AuthorsAs the length of EB1-GFP comets is
related to the dynamic properties of
MTs (Bieling et al., 2007), we measured
the growth rate of the astral MTs under
the aforementioned conditions (Fig-
ure 7G). There was indeed a direct
correlation between the length of the
EB1-GFP signal on astral MTs and the
rate at which they grew; EB1 cometvelocity in cold-treated embryos injected with anti-Dgt6 was,
on average, three times that of control embryos (0.645 mms1
versus 0.256 mms1). However, we did not observe a further in-
crease in velocity upon concomitant disruption of Augmin and
dampening of centrosomal nucleation (anti-Dgt6 and anti-
DSpd2 together), suggesting a maximal velocity of MT growth
in the early embryo of 0.6 mms1. Nonetheless, our analysis
confirms that, as the number of MTs in the mitotic embryo
decreases, the remaining astral MTs increase their dynamic
behavior. Together, these results show that the removal of one
MT-generating pathway during spindle formation leads to a con-
current and synergistic increase in another.
DISCUSSION
Our experiments demonstrate that the mature mitotic spindle in
Drosophila embryos, far from being formed via a single MT-
generating pathway dependent on centrosomally derived MTs,
is composed of MTs whose origins are, or can be, diverse. By
disrupting the molecular basis of the individual pathways, we
have assessed their relative contributions to spindle formation.
In doing so, we demonstrate the underlying flexibility inherent
within the system, in which removal of one MT-generating
pathway causes the cell to respond by increasing its use of
another.
The evidence supports a model in which normal, cycling
embryonic centrosomes are preprimed with PCM and g-Tubulin
and exposed to a/b Tubulin dimer prior to the onset of mitosis
so that they, together with amplification via Augmin, nucleate
enough astral MTs to capture kinetochores quickly and effi-
ciently—within 30 s of NEB. In contrast, the chromatin, which
is not exposed to a/b Tubulin dimer or Augmin until after NEB,
cannot participate in MT generation to any significant extent.
Figure 7. MT-Generating Pathways Work Synergistically
to Promote Robust Mitotic Spindle Formation
(A) Stills from movies of spindle formation in an EB1-GFP-
expressing embryo injected with low levels of anti-DSpd-2, to
dampen astral input.
(B) Stills from movies of spindle reformation following cold treat-
ment in an EB1-GFP-expressing embryo injected with low levels
of anti-DSpd-2.
(C) Line graph showing the fluorescence intensity over time in the
region of mitotic chromatin following cold treatment in control
(WT) embryos and embryos injected with anti-DSpd-2 antibodies.
Reducing astral input results in increased generation of MTs
around chromatin. Error bars represent SEM. n R 20 spindles
from at least three embryos.
(D) EB1-GFP comets in control (WT) embryos, control embryos
immediately following cold treatment, and embryos injected with
anti-Dgt6 antibodies immediately following cold treatment.
(E) Histogram of mitotic EB1-GFP comet length in embryos under
different conditions. Curves to the right represent the histogram
trends for comparison of data sets; the table below shows mean
comet length and statistical significance between samples of
interest.
(F) Stills from time-lapse movies of spindle formation in an EB1-
GFP-expressing embryo injected with both anti-Dgt6 and low
levels of anti-DSpd-2. Mitotic spindles initially form from limited
astral input, allowingmeasurement of EB1-GFP comet length, but
intensity reduces and spindles eventually collapse.
(G) Histogram of EB1-GFP comet velocity in embryos under
different conditions. Curves to the right represent the histogram
trends for comparison of data sets; the table below shows mean
comet velocities of the samples of interest.
Scale bars, 5 mm. See also Movie S10.
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mation through cold treatment, ‘‘rebooting’’ the system in
midmitosis when both centrosomes and mitotic chromatin are
equally exposed to Tubulin and Augmin, and quantitatively
analyzing MT regrowth, we have shown that a chromatin-depen-
dent pathway exists and, indeed, dominates over the centro-
somes that are still present. This is not due to redistribution of
g-Tubulin from centrosomes, as g-Tubulin-GFP intensity is not
reduced at the centrosome in cold-treated embryos. Instead, it
appears to be a consequence of sequestering and activating
the SAF, D-HURP, around mitotic chromatin. Interestingly, in
contrast to some other biological systems, including Drosophila
S2 cells, the predominant site of new MT growth following cold
treatment is not restricted to kinetochores (Torosantucci et al.,
2008; Bucciarelli et al., 2009; Maiato et al., 2004) but occurs
throughout the region of the mitotic chromatin. Human HURP
generates and stabilizes MTs in a Ran-dependent manner (Sillje´
et al., 2006; Koffa et al., 2006). In the Drosophila embryonic
scenario, we envisage that cold treatment of mitotic embryos
after NEB leads to cell cycle arrest in which mitotic kinases
and the Ran gradient are fully active, allowing the association
of D-HURP with condensed chromatin where it nucleates short
MT seeds. Subsequent removal of the temperature restriction
will provide the necessary conditions for MT growth. That the
chromatin-dependent pathway is also part of the normal com-
plement of spindle-forming pathways in cycling embryos, but
that its input is limited until later in mitosis, is supported by our
observations that removal of D-HURP in cycling embryos results
in shorter mature spindles that have a higher likelihood of failing
in chromosome segregation.
In addition to astral and chromatin-dependent MT generation,
we have revealed an alternative pathway to spindle formation. A
failure to stably incorporate either DSpd-2 or Cnn to the centro-
some results in cytosolic MT asters that coalesce into mature
bipolar spindles. These aMTOCs are quite distinct from chro-
matin-dependent MTs, appearing within 10 s following NEB in
regions of the cytoplasm devoid of chromosomes, and are qual-
itatively similar to those reported for acentriolar Drosophila cell
lines (Moutinho-Pereira et al., 2009) and mouse oocytes (Brunet
et al. 1998; Schuh and Ellenberg, 2007). They may, therefore,
reflect a general mechanism of animal cell spindle formation in
the absence of functioning centrosomes, where the nucleation
and organization of MTs are achieved through concentration of
nucleating activity at multiple cytosolic sites and bipolarity fol-
lows through their interaction and self-organization.
We have also provided clear evidence that all three pathways
to spindle formation (centrosomal, chromatin, and aMTOC-
driven) are dependent on a fourth: Augmin. Together with recent
work demonstrating that new MTs can be produced in an
Augmin-dependent manner using preexisting ones generated
in vitro in Xenopus egg extracts (Petry et al., 2013), our evidence
suggests that this conserved protein complex, once active,
works on all existing mitotic MTs. However, whereas in Xenopus
extracts, TPX2 is required for Augmin-generated MTs (Petry
et al., 2013), our in vivo analysis of spindle formation in the
absence of either D-TPX2 (using mei-38 null mutants) or
D-HURP supports a model in which D-HURP is the dominant
chromatin-directed MT nucleator in Drosophila embryos, gener-
ating MT seeds that can then be amplified by Augmin. This likely10 Developmental Cell 28, 1–13, January 13, 2014 ª2014 The Authorreflects either a difference in function between the Drosophila
and Xenopus proteins—for example, D-TPX2 shares homology
with TPX2 only in its C-terminal domain and does not possess
elements such as Aurora A targeting (Goshima, 2011)—or a dif-
ference in the usage of TPX2- and HURP-dependent pathways
by different biological systems.
Our work also demonstrates that astral MT nucleation is
dramatically reduced in cycling embryos lacking Augmin, in a
D-TPX2- andD-HURP-independent manner. Under these condi-
tions, the remaining astral MTs are eventually able to search and
capture kinetochores, producing kinetochore-kMT interactions
that allow Rod poleward streaming. However, the spindle
assembly checkpoint remains unsatisfied, and Rod-GFP move-
ment is perturbed, suggesting that some aspect of the interac-
tion is incorrect. One possibility is that Augmin binds to and
amplifies the initial kMTs, resulting in stable kMT bundles that
can stream Rod poleward. Alternatively, the effect on the check-
point may reflect the requirement of Augmin for generating many
short non-kMT spindle MTs. It has recently been demonstrated
that the viscoelastic properties of the Xenopus spindle—and its
ability to transmit force as a unit—can be altered by reducing
the density of such short, non-kMTs (Shimamoto et al., 2011).
It is therefore possible that Augmin-dependent non-kMTs trans-
mit force exerted on individual kinetochores by kMTs throughout
the spindle as part of a spindle-scale sensing mechanism, intrin-
sically linked to the checkpoint. Whatever the molecular mecha-
nism at work, our study supports a model in which Augmin binds
indiscriminately to preexisting MTs to generate the bulk of the
embryonic mitotic spindle, placing Augmin at the heart of MT
generation during spindle formation. Interestingly, this scenario
was predicted bymathematical models ofDrosophila embryonic
spindle organization, generated approximately 10 years ago
(Brust-Mascher et al., 2004). In order for their model to recapitu-
late the dynamics of the anaphase spindle, the authors required
the presence of multiple short MTs with origins that were distinct
from centrosomes. Augmin fulfills such a role and, as such,
incorporating its precise mode of action into future models of
Drosophila spindle dynamics may well reveal additional features
of spindle formation.
Although clearly essential for robust spindle formation in
mitotic systems, Augmin and, indeed, g-Tubulin have been
shown to be dispensable for the bulk of MTs that form the initial
Drosophila female meiosis I spindle (Colombie´ et al., 2013;
Hughes et al., 2011). Instead, the Drosophila oocyte appears
to rely on the Chromosomal Passenger Complex (CPC), the
MT-stabilizing protein Minispindles, and the crosslinking motor
Subito to organize stable cytoplasmic MTs, generated prior to
meiosis onset, into an initial spindle structure (Jang et al.,
2007; Cesario and McKim, 2011; Radford et al., 2012). This likely
reflects the peculiarity of the pathways regulating formation of
the meiotic spindle in this system. Nonetheless, it does suggest
yet additional mechanisms by which a bipolar spindle can form,
further highlighting the robustness of this structure.
Finally, importantly, we have shown that a reduction of astral
input to spindle formation leads to an increase in chromatin-
dependent MT generation, while removal of chromatin- or
Augmin-dependent MT generation results in an increased accu-
mulation of EB1-GFP at MT plus ends and an increase in
the growth rate of the remaining astral MTs. The effect ons
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ing astral MTs is further reduced. These results suggest a coor-
dinated and synergistic cellular response to perturbing mitotic
MT-generating pathways. We do not know whether the increase
in astral MT dynamics is a passive response to availability of re-
sources, such as Tubulin.GTP dimer, or an active self-regulation,
driven by monitoring of MT generation by the cell. In the simplest
(passive) scenario, removing the MTs generated by one pathway
could result in an increase in the available local concentration of
Tubulin.GTP, shifting the dynamic equilibrium of remaining MTs
further toward growth. Although in vitro studies have shown that
increasing the concentration of Tubulin in solution increases MT
growth rates (Walker et al., 1988) and that this correlates with
increased accumulation of EB1 at the growing tips (Bieling
et al., 2007), the high diffusion rate of Tubulin-GFP in the early
embryo essentially rules out local depletion of resources close
to individual MT tips as a source of variability (Hallen et al.,
2008). Therefore, if resource depletion is responsible for limiting
MT growth, it must be a global (spindle-scale) depletion. How-
ever, the increase in EB1 comet length and MT dynamics that
occurs upon the loss of MT-generating pathways was measured
in the early stages of spindle regrowth. At similar time points in
embryos possessing all MT-generating pathways, the EB1 fluo-
rescence (i.e., MT growth) in the region of the chromatin con-
tinues to increase dramatically over the following 2min (compare
Figure 5B with Figure 1G). Therefore, at these early time points,
Tubulin.GTP, EB1, or any other cytoplasmic molecule that stim-
ulates MT growth, cannot be depleted and therefore cannot be
limiting growth. This leaves open the intriguing possibility that
the cell somehow actively monitors the overall level of MT gener-
ation during spindle formation and alters flow through available
pathways accordingly. Given this possibility, an important future
goal will be to identify MAPs whose association with MTs
changes upon inhibition of particular MT-generating pathways.
In summary, by revealing the presence of all the major mitotic
MT-generating pathways described in animal cells within a
single system, the Drosophila syncytial embryo, and by demon-
strating a coordinated regulation between them, our work
highlights the remarkable flexibility inherent in mitotic spindle
formation. It implies that the key to building a successful spindle
lies in activating a set of MT generators that together provide
sufficient MTs to allow crosslinking and movement in relation
to one another, regardless of how and where the MTs were
initially generated. By subsequently limiting the nucleation and
growth of these MTs to balance depolymerization, a steady-
state spindle of defined length and physical properties is
ultimately formed. Understanding the way in which a cell deter-
mines such a ‘‘Goldilocks zone’’ of MT generation will undoubt-
edly help us to understand the overall self-regulation of this
fundamental cellular structure.
EXPERIMENTAL PROCEDURES
Fly Stocks
The d-tpx2 line, ymei-381w/y[+]Y/C(1)DX, was a gift fromKimMcKim (Wu et al.,
2008); EP(2)2477 (marsp), the d-hurp line, was a gift fromDaimark Bennett (Tan
et al., 2008). The centrosomin line, cnnhk21, was obtained from Bloomington
Stock Center, while the cnnmfs7 line was a gift from Jordan Raff (Lucas and
Raff, 2007). Fluorescent transgenes used were as follows: a-Tubulin-GFP
and Histone-H3-RFP (Bloomington Stock Center); EB1-GFP and g-Tubulin-DevGFP (gifts from Sharyn Endow) (Liang et al., 2009; Hallen et al., 2008);
Rod-GFP (a gift from Roger Karess); Msd1-GFP (Wainman et al., 2009);
GFP-Mars (a gift from Daimark Bennett) (Tan et al., 2008); and GFP-Mei-38.
GFP-Mei-38 was generated by cloning the full-length mei-38 cDNA into the
vector pPGW via pENTR/D/TOPO (Invitrogen). The plasmid was injected into
w1118 embryos by Bestgene. Expression of Msd1-GFP, GFP-Mars, and
GFP-Mei-38 was driven using Maternal-a-Tubulin VP16 GAL4 (Bloomington
Stock Center).
Microscopy
Imaging was performed on a Visitron Systems Olympus IX81 microscope with
a CSO-X1 spinning disk using a UPlanS APO 1.3 NA (Olympus) 603 objective.
Embryos 1–2 hr old were manually dechorionated, aligned in heptane glue on
22 3 50 mm coverslips, and covered with a 1:1 mixture of Halocarbon oil 700
and Halocarbon oil 27) (Sigma). Imaging was performed with 400 ms exposure
per slice, with five slices per stack and a constant room temperature of 22C.
Embryos were injected using an Eppendorf Inject Man NI 2 and Femtotips II
needles (Eppendorf). The anti-DSpd-2 and anti-Dgt6 antibodies were sus-
pended in injection buffer (100 mM HEPES, pH 7.4, and 50 mM KCl), centri-
fuged at 13,500 3 g for 20 min, and injected at a concentration of either
6 mg/ml (anti-Dgt6 or anti-DSpd-2, high concentration) or 1 mg/ml (anti-
DSpd-2, low concentration). For cold-treatment assays, single embryos
were imaged until metaphase was reached, at which point they were placed
in 50mm ice-cold Petri dishes and covered with 4CHalocarbon oil. Following
90 min on ice, embryos were reimaged, with 30 s typically expiring between
removal from 4C and the initiation of imaging. In some cases, embryos
were removed following 75 min on ice, injected with antibody, and then placed
on ice for another 15 min prior to imaging.
Image Processing and Analysis
Image processing and analysis was performed on FIJI. Fluorescence loss
caused by bleaching was corrected using the Bleach Corrector macro (devel-
oped by Kota Miura, European Molecular Biology Laboratory). Automated
spindle tracking was achieved using custom image processing and object
tracking algorithms. Briefly, scale-space filtering and object classification
based on ellipse fitting allowed spindles to be detected. Next, centrosomes,
also detected using scale-space analysis and image statistics based thresh-
olding, were tracked in pairs using a modified Jonker-Volgenant (Global
Nearest Neighbors) algorithm. Last, tracked spindle pairs were used to
automatically generate many kymographs, which were combined within
data sets to produce averages. Each experimental condition was undertaken
on at least three independent occasions, showing qualitatively similar results.
Composite kymographs shown are from single embryos, generated from
between 4 and 13 spindles. All measurements and analyses were performed
on time courses with maximum projected z stacks. The directionality of
EB1-GFP comets emanating from the center of the spindle in cold-treated
embryos was tracked using FIJI’s Manual Tracking plug-in, with the original
coordinates of the comet normalized to 0,0. All spindles were rotated so that
centrosomes lay on the x axis. Measurements were taken using ten spindles
in total from three embryos. A c2 analysis was undertaken to assess correla-
tions in the distribution of the comet directions (p = 0.874). Spindle length com-
parisons between cycling control, d-tpx2/mei-381, and marsp embryos were
undertaken by manually drawing a line from the center of each pair of centro-
somes 10 s prior to onset of anaphase. At least five embryos from each con-
dition were measured, with at least ten spindles measured per embryo. The
p values were determined by pooling the spindle lengths from individual line.
All p values are between control and d-tpx2/mei-381 and marsp mutant
embryos. SD was determined using the pooled spindle lengths, while SEM
was determined using the total number of embryos measured. To compare
astral MT nucleation in control embryos, anti-DSpd-2-injected embryos,
d-hurp embryos, and embryos injected with a-Dgt6 antibody, the relative cen-
trosomal fluorescence for a specific time point was ascertained by subtracting
the fluorescence of a circular region of interest (ROI) with a 1.5 mm radius from
that of a circular ROI with a 3 mm radius (the center of both ROIs being the
centrosome center), with this value divided by the mean length of EB1-GFP
comet lengths for the time point in question. Centrosomes from three embryos
were measured for each condition, with 22 (±8) centrosomes counted for each
condition. At least 25measurements for EB1-GFP comet length were taken forelopmental Cell 28, 1–13, January 13, 2014 ª2014 The Authors 11
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each embryo. Centrosomal fluorescence was divided by the mean comet
length per embryo and SEM calculated, based on the number of centrosomes.
To compare chromatin-mediated MT nucleation between control and anti-
DSpd-2-injected cold-treated embryos, an ROI was drawn around the area
of chromatin-mediated MT nucleation at 30 s following cold recovery, and
the fluorescence wasmeasured and tracked back to the first time-lapse frame.
These data sets were normalized against internal background (normalized
fluorescence = fluorescence of ROI  [background fluorescence 3 size of
ROI]). EB1-GFP comet velocity was measured using Fiji’s Manual Tracking
plug-in. EB1-GFP comet length was measured by drawing an ROI line from
the visible ends of comets within the first 10 s following cold treatment in
cold recovery samples and within the first 10 s of internuclear MT influx
following NEB in cycling samples. The number of comets measured for both
length and velocity for each sample was between 250 and 1,110, with comets
from at least three embryos measured for each condition. The SD and confi-
dence values were determined using n as the number of comets measured,
while the p value was determined by pooling comet measurements from a
single condition together from multiple embryos. All data analyses were per-
formed on Excel (Microsoft).SUPPLEMENTAL INFORMATION
Supplemental Information includes two figures and ten movies and can
be found with this article online at http://dx.doi.org/10.1016/j.devcel.2013.
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Article Addend
Upon entry into mitosis, many microtubules are nucleated 
that coordinately integrate into a 
stable, yet dynamic, mitotic spindle 
apparatus. In a recent publication, 
we examined microtubule-generating 
pathways within a single model 
system, the Drosophila syncytial 
embryo. We found that, following 
depolymerisation of metaphase spindle 
microtubules by cold treatment, 
spindles regenerate predominantly 
from microtubules nucleated within 
the vicinity of chromatin. We also 
showed this chromatin-mediated 
microtubule nucleation is mediated by 
the Drosophila homolog of a vertebrate 
spindle assembly factor (SAF), HURP 
and is dependent on the conserved 
microtubule amplifying protein 
complex, Augmin. Here, we expand 
our investigation into Drosophila SAFs, 
providing evidence that, in vitro, both 
D-HURP and D-TPX2 are able to 
bind to and stabilize microtubules. We 
show that GFP-D-HURP purified from 
embryos interacts with Importin-β 
and Augmin and, consistent with this, 
demonstrate that the underlying basis 
of chromatin-mediated microtubule 
nucleation in Drosophila syncytial 
embryos is dependent on Ran-GTP.
In vertebrate systems, mitotic 
chromatin-mediated generation of 
microtubules is facilitated by activating 
a set of proteins termed SAFs.1 Two 
SAFs, TPX2 and HURP, are the 
most thoroughly studied in a variety 
of experimental systems. We recently 
demonstrated that the putative 
Drosophila HURP homolog (D-HURP), 
but not the putative Drosophila TPX2 
(D-TPX2), is required for chromatin-
mediated microtubule generation in 
syncytial embryos.2 This is in contrast 
to vertebrates, in which there is a clear 
requirement for both proteins in this 
process. To test whether the requirement of 
D-HURP and apparent non-requirement 
of D-TPX2 in chromatin-mediated 
microtubule generation correlate with 
the biochemical properties of the two 
proteins, we generated recombinant 
D-TPX2 and D-HURP and investigated 
their ability to bind and stabilize/nucleate 
microtubules in vitro. We found that 
both His-D-TPX2 and MBP-D-HURP 
bind microtubules directly in a standard 
microtubule co-sedimentation assay 
(Fig. 1A). An additional assay, designed 
to test the microtubule stabilizing 
ability of the proteins, demonstrated 
that both D-HURP and D-TPX2 
possess microtubule stabilizing (and/or 
nucleating) capacity (Fig. 1B). Therefore, 
biochemically, both Drosophila proteins 
behave similarly to their putative human 
homologs.
Next, we utilized GFP-TRAP-
based affinity purification and mass 
spectrometry (AP-MS) of extracts from 
syncytial embryos expressing GFP-
fusions to either D-HURP or D-TPX2 
to identify proteins that interact with 
the two proteins. We failed to identify 
D-TPX2 by MS or western blotting from 
GFP-D-TPX2 extracts (not shown), 
implying that the GFP epitope in this 
expressed transgene is unavailable to 
the GFP-TRAP nanobody. However, 
D-HURP was isolated as the protein 
with highest MS score from extracts 
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of embryos expressing GFP-D-HURP 
(Table 1). We identified nine additional 
specific interacting proteins, of which 
the two Drosophila Importin-β proteins, 
Fs(2)Ketel and Karyopherin-β3 were 
the most abundant, with scores similar 
to D-HURP itself. We also identified 
the microtubule-associated protein 
Ensconsin, a PP1A isoform, ArfGAP3, 
an uncharacterised protein (CG2017), 
and three subunits of the Augmin 
complex, all at substantially lower 
abundance than Importin-β, probably 
reflecting the mixed cell cycle population 
of these embryos (~80% interphase: 
20% mitosis). The remaining Augmin 
subunits were also present in our 
immuno-precipitates, but with scores 
below our stringent cut-off such that 
we cannot conclude whether they are 
specific or non-specific interactors (see 
Materials and Methods).
The specific interaction between 
D-HURP and Importin-β suggested to 
us that chromatin-mediated microtubule 
nucleation in the early embryo is most 
likely Ran-GTP dependent. This 
process is, in general, reliant on a high 
concentration of the GTP-bound form of 
the small GTPase Ran around chromatin 
and is achieved by converting the 
mitotically inactive Ran-GDP into Ran-
GTP through localizing the guanine-
nucleotide-exchange factor RCC1 
to condensing chromatin. Ran-GTP 
subsequently activates SAFs and other 
proteins contributing to microtubule 
nucleation and stabilization in the 
vicinity of chromosomes, through their 
release from Importins.3 GST-RanT24N, 
a recombinant Ran allele locked in the 
GDP bound form, has previously been 
shown to exhibit a dominant-negative 
effect on Ran-GTP in Drosophila 
syncytial embryos.4 However, the 
precise effects of Ran inhibition upon 
microtubule generation during spindle 
formation in this system are not clear. 
By microinjecting GST-RanT24N 
into the cytoplasm of Drosophila 
embryos expressing GFP-α-Tubulin and 
Histone-RFP, we were able to inhibit 
Ran-GTP function and analyze the 
consequences on spindle formation and 
chromosome dynamics concomitantly. 
Figure  1. in vitro characteristics of Drosophila SAFs. (A) microtubule co-sedimentation assay. 
recombinant proteins are incubated with either preassembled microtubules (at 37 °c with taxol) 
or with unpolymerised tubulin (at 4 °c) then centrifuged at 100,000 g through a glycerol cushion 
(Gc). microtubules and microtubule binding proteins will pellet (P) while tubulin and proteins that 
do not bind microtubules will remain in the supernatant (S) (i). SdS-PAGe/Western blots demon-
strating that His-d-tPX2 and mBP-d-HurP are both found at higher amounts in the pellets of + 
taxol samples, indicating they are both microtubule binding proteins, whereas mBP remains in 
the supernatant (ii). (B) microtubule stability assay. Proteins are added to tubulin and GtP and 
incubated at 37 °c, then centrifuged through a glycerol cushion. the level of tubulin found in the 
pellet is indicative of the microtubule stabilizing/nucleating capabilities of the protein (i). Higher 
levels of tubulin are found in the pellet of mBP-d-HurP and His-d-tPX2 samples compared with 
mBP as a negative control, indicating that both stabilize/nucleate microtubules (ii).
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In cycling embryos injected with 
GST-RanT24N, the centrosomes 
initiated spindle formation in a similar 
timeframe to controls. However these 
spindles, although able to initially align 
chromosomes, were substantially less 
dense than control embryos, exhibiting 
a thin appearance and arresting prior 
to anaphase (Fig. 2A; Supplementary 
Videos 1 and 2). Given this phenotype 
is more severe than the d-hurp mutant in 
which chromatin-mediated microtubule 
nucleation is completely absent,2 we 
asked whether nucleation of microtubules 
from centrosomes is reduced upon Ran-
GTP perturbation. Quantitative analysis 
of the intensity of EB1-GFP comets 
emanating from the centrosomal region 
in control and GST-RanT24N injected 
cycling embryos confirmed a significant 
decrease in intensity (Fig. 2C). To 
assess the requirement of Ran-GTP 
activity for chromatin-mediated 
microtubule nucleation, we followed 
microtubule organization in control and 
GST-RanT24N injected cold-treated 
embryos. As previously described, during 
recovery from cold treatment in control 
embryos, microtubules are generated 
around chromatin and spindles formed 
in an “inwards-out” manner (Fig. 2Bi; 
Supplementary Video 3). However, in 
cold-treated embryos injected with GST-
RanT24N, microtubules were nucleated 
solely from centrosomes (Fig. 1Bii; 
Supplementary Video 4). These spindles 
appeared to be highly disorganized, and 
although a bipolar structure could be 
formed in an “outwards-in” manner, 
chromosomes could not be successfully 
aligned. Thus Ran-GTP activity 
functions during mitosis in Drosophila 
embryos through regulating microtubule 
generation at both centrosomes and 
chromosomes.
The present study progresses our 
understanding of chromatin-mediated 
microtubule generation in two important 
ways. First, the demonstration that 
D-HURP: (i) stabilizes microtubules, 
(ii) interacts with Importin-β and 
(iii) that it and Ran-GTP are essential 
for chromatin-mediated microtubule 
nucleation, strongly suggest that 
D-HURP is a true Ran-dependent 
SAF. Although the localization of 
D-HURP-GFP differs to its mammalian 
counterpart, in that it progressively 
localizes to spindle microtubules as they 
are nucleated,2 D-HURP shares many of 
the biochemical, physical and functional 
properties of HURP. As such, it will 
be important to undertake a further 
analysis of D-HURP function in mitotic 
function outside of the embryo. Second, 
it demonstrates the importance of the 
Ran-GTP gradient in embryonic spindle 
formation. The phenotype of GST-
RanT24N injected embryos is similar to 
that of embryos in which the function 
of Augmin has been disrupted: reduced 
spindle density, initial spindle elongation 
and mitotic arrest.2,5 Although there is 
currently no evidence to suggest that 
Augmin is regulated by Ran, and an 
AP-MS analysis of Augmin purified 
from cycling Drosophila embryos does 
not identify Importin subunits as 
interacting partners (not shown), it is 
possible that Augmin activity could be 
a downstream target of the Ran-GTP 
pathway. Alternatively, Ran-GTP may 
lead to activation of other microtubule 
generating pathways from the 
centrosome. In support of this scenario, 
a fraction of human Ran has been 
shown to associate with the centrosome 
where it appears to regulate γ-tubulin 
independent microtubule nucleation.6
In summary, the work presented 
here complements and enhances our 
previous study, demonstrating that Ran-
GTP, most likely through D-HURP, 
is responsible for chromatin-mediated 
microtubule nucleation in the syncytial 
embryo. Whether this molecular pathway 
is utilized for other Drosophila mitoses 
such as the asymmetric divisions of stem 
cells and/or for the male meiotic divisions 
to enhance the fidelity of centrosome-
driven spindle formation will be an 
important avenue of future research.
Methods
Information on fly lines, imaging 
techniques, image analysis and 
microinjection can be found at Hayward 
et al., 2014. The GST-RanT24N 
construct was a gift from A. Wilde and 
was produced as described previously.4,7 
Full-length D-TPX2 (Mei-38) and 
D-HURP (Mars) cDNAs were amplified 
by PCR and cloned into pDEST17a or 
pMAL-c2x/DEST (a gift from Jason 
Carlyon8) vectors respectively, using the 
pENTR/D/TOPO system. Constructs 
were transformed into BL21 competent 
cells with induction and purification of 
His-tagged and MBP-tagged proteins 
performed as described previously.9,10 The 
microtubule co-sedimentation assay was 
Table 1. list of specific proteins identified by GFP-d-HurP AP-mS
Protein Name % Coverage No. Peptides MW [kDa] Score
d-HurP (mars) 72.20 77 101.9 1378.32
Fs(2)Ketel (importin β)* 63.12 52 98.6 1372.07
Karybeta3 (importin β)* 61.36 61 123.5 1192.46
PP1A-96A 33.64 10 37.3 75.78
ensconsin 18.73 7 92.0 51.34
dgt6 21.25 10 72.8 48.34
cG2017 16.19 7 75.1 43.86
dgt5 15.33 9 77.9 37.81
dgt3 20.71 8 65.8 31.68
ArfGAP3 * 17.93 5 54.4 31.13
GFP-d-HurP embryo extracts were incubated with GFP-trAP-A beads, washed and subjected to 
trypsin digestion, lc-mSmS and database searches. the proteins in table 1 constitute those that 
were: (i) either identified in negative controls with scores of at least 4-fold less than in GFP-d-HurP 
(asterisks) or not identified in negative controls and (ii) had an mS score of > 30 and (iii) had > 10% 
coverage (% coverage represents the % of the protein sequence covered by the peptides identified 
by lc-mSmS). the importin-β proteins, Fs(2)Ketel and Karybeta3, are found at ~7 and 5-fold greater 
amounts respectively in GFP-d-HurP AP-mS, in relation to control experiments. Augmin subunits 
dgt6, dgt5 and dgt3 were not present in the negative controls.
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Figure 2. ran-GtP perturbation in Drosophila syncytial embryos. (A–B) Stills from movies of spindle formation in embryos expressing α-tubulin-
GFP (green and bottom right panels) to visualize microtubules and Histone-rFP (red and bottom left panels) to visualize chromosomes. (A) Spindle 
formation in a cycling embryo (i) and spindle formation in an embryo injected with ran-t24n (ii). (B) Spindle formation following cold treatment in 
a non-injected embryo (i) and an embryo injected mid-way through cold treatment (ii). (C) Quantification of centrosomal microtubule nucleation in 
control embryos and embryos injected with ran-t24n. line graphs show relative eB1-GFP fluorescence in the area adjacent to the centrosome dur-
ing the first 30 s following cold treatment.
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adapted for use with recombinant proteins 
from Hughes et al.11; using 31.25 μg 
Tubulin, 1 μM GTP, pure protein (MBP 
at 2 mg/ml, His-D-TPX2 at 2 mg/ml or 
MBP-D-HURP at 10 mg/ml) and 25 μM 
Taxol where appropriate. The microtubule 
stability assay was performed using 50 μl 
C buffer containing 62.5 μg Tubulin, pure 
protein (same amounts as co-sedimentation 
assay) and 1 mM GTP, incubated at 
37 °C for 25 min. Samples for both the 
microtubule binding and microtubule 
stability assays were run on standard SDS-
PAGE gels and stained with Coomassie. 
AP-MS to identify interacting proteins will 
be described in detail elsewhere. Briefly, 
clarified (high speed supernatant) embryo 
extracts, made from 0.4 g of 0–3 h old 
GFP-D-TPX2 or GFP-D-HURP embryos 
as previously described,11 were incubated 
with 30 μl of GFP-TRAP-A bead slurry 
(Chromotek, Germany) in C buffer for 
2 h at 4 °C with rotation. Beads were 
washed 5 x in 1 ml C buffer, frozen in N
2
 
(l) and processed by the Bristol Proteomics 
Facility using Orbitrap nano-LC MSMS. 
Identified proteins were cross-referenced 
against an in-house database of non-
specific (false-positive) proteins identified 
from 3 control experiments from embryos 
expressing different GFP-fusion proteins in 
which the bait protein was not precipitated 
(i.e., negative controls). Table 1 constitutes 
proteins from the GFP-D-HURP AP-MS 
which: (i) either were not identified in 
negative controls or were identified in 
negative controls with scores of at least 
4-fold less than in GFP-D-HURP and (ii) 
had an MS score of > 30 and (iii) had > 
10% peptide:protein coverage. Nine such 
interactors were identified with these 
stringencies. The remaining Augmin 
subunits were present specifically in GFP-
D-HURP AP-MS but with scores of < 30.
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